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DECLARATION OF AUDREY D. GODDARD. Ph.D UNDER 37 C J.R. § 1,132 

Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 




1, Audrey D. Goddard, Ph.D. do hereby declare and say as follows: 



1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2. Between 1 993 and 200 1 , 1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. Durixlg this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 
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4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PCR (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et ai. Biotechnology 10:413-417 (1992) (Exhibit B); Livak e/ a/., PCR 
Methods AddI.. 4:357-362 (1995) (Exhibit C) and Heid et al. Genome Res. 6:986-994 (1996) - 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 

-technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is v^dely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al, Proc. 
Natl. Acad Sci. USA 95f25V14717-14722 (1998) (Exhibit E); Pitti et al' Nature 
396(671 2);699-703 (1998) (Exhibit F) and Bieche et a/. Jnt J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa, Pitti et al studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al. used the assay to study gene amplification in breast cancer. 
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7. It is my personal experience that the quantitative TaqMan PCR technique is 
technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i:e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 
sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 
technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

'8. I declare further that all statements made herein of my ovm knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the vaHdity of the application or any 
patent issuing thereon. 
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1 DNA Way 

South San Francisco, CA, 94080 
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110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Gerientech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 11 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinicai thals 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 



Scientist 



Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification, 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 

Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89-12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 

McMaster University 1983 
Hamilton, Ontario, Canada with Dr, G, D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 



University of Toronto 
Toronto, Ontario, Canada, 
Department of Medical 
Biophysics. 



"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 



1989 



Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BU6J mice." 
Supervisor: Dr. G. D. Sweeney 



McMaster University, 
Hamilton, Ontario, Canada. 
Department of Biochemistry 



1983 



Audrey D. Goddard, Ph.D page 3 of 9 



ACADEMIC AWARDS 

Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award {Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel, genes. Functional Genomics: From Genome to Function, Litchfield 
Park. AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science. Advances in Genome Biology and Technology I. Marco Island. FL, USA. February 
2000 

Quality control in DNA Sequencing: The use of Phred and Phrap, Bay Area Sequencing 
Users Meeting. Berkeley. CA. USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
. Sequencing and Analysis Conference, Miami. FL. USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting. Berkeley, CA. USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October. 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76*^ Annual Meeting of The 
Endocrine Society, Anaheim. CA. USA. June 1994 

A previously uncharacterized gene, myl. is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV international Association for Comparative Research on 
Leukemia and Related Disease, Padua. Italy. October 1991 



1989-1992 
1983-1988 
1983 
1983 

1981-1983 
1981-1982 
1980-1981 
1979-1980 
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PATENTS 

Goddard A. Godowski PJ, Gurney AL NL2 Tie ligand homologue polypeptide. Patent 
Number: 6.455.496. Date of Patent: Sept. 24, 2002, 

Goddard A, Godowski PJ and Gurney AL NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL. Hillan KJ. Lawrence DA, Levine AJ. 
Pennica D, Roy MA and Wood WL WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387.657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6.372,491. Date of 
Patent: April 16. 2002. 

Godowski PJ. Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350.450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348.351. Date of Patent: 
Feb. 19,2002. 

Goddard A. Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carlsson LMS. Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6.207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1998 

Attie K, Carlsson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,113. Date of Patent: July 8. 1997 

Multiple additional provisional applications filed 



Audrey D. Goddard, Ph.D page 5 of 9 



PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q. Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ. Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K. 
Yansura DG, Vandlen RL. Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC. Lee J, Dowd P, Colman 
S., Lewin DA. (2001 ) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. BiochemicalJournal Z60: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT, Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (20D1) IL-17E. a novel proinflammatory ligand for the IL- 
1 7 receptor homolog IL-1 7Rh1 . Journal of Bioiogical Chemistry 276(2); 1 660-1 664. 

Xie M-H, Aggarwal S. Ho W-H, Foster J. Zhang Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interieukin (IL)-22. a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl, Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M. Wang L-C. Hymowitz SG, Schilbach S. Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino. acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN. Hillan KJ. Brown LA, Goddard A Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J. Teraoka H. Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney. A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 



Audrey D. Goddard, Ph.D page 6 of 9 



Yan M, Lee J, Schilbach S. Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J, Biol. Chem, 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitt! RM. Mark DT, Baldwin DT, Gray AM. Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood.WI, Baker KP. Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR, Current Biology 9(4); 215-21 8. 

Ridgway JBB, Ng E, Kern JA .Lee J. Brush J, Goddard A and Carter P, (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM. Marsters SA, Lawrence DA, Roy M, Kischkel FC. Dowd P. Huang A, Donahue CJ. 
Sherwood SW. Baldwin DT. Godowski PJ. Wood Wl, Gurney AL. Hillan KJ. Cohen RL, 
doddard AD. Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D. Swanson TA, Welsh JW. Roy MA. Lawrence DA. Lee J, Brush J, Taneyhill LA. 
Deuel B. Lew M. Watanabe C, Cohen RL, Melhem MF, Finley GG. Quirke P, Goddard AD, 
Hillan KJ, Gurney AL. Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR. Gray A, Huang A. Xie MH. Zhang M. Goddard A, Wood Wl. Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z. Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient^route to human bispecific IgG. Nature Biotechnology ^Gil): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM. Ryan A. Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M. 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature, 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A. Skubatch M. Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2l7TRAlL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM. Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A.. Skubatch M. Baldwin D, Ramakrishnan L. 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P. Chernausek S, Geffner M. Gertner J. Hintz R. Hopwood N, Kaplan S, 
Plotnick L, Rogol A. Rosenfield R, Saenger P. Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hornnone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr 131: S51-55. 

Klein RD. Sherman D. Ho WH, Stone D, Bennett GL, Moffat B. Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B. Poulsen K, Armanini M, Nozaki C, Asai N. Goddard A, Phillips H. 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21 . 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL. Scott MP, Pennica D, 
Goddard A, Phillips H. Noll M, Hooper JE. de Sauvage F and Rosenthal A, (1 996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog Nature 
384(6605): 129-34. 

Marsters SA. Sheridan JP, Donahue CJ, Pitti RM, Gray CL. Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6{12): 
1669-76. 

Rothe M, Xiong J, Shu HB. Williamson K. Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction Proc Natl 
Acad, ScL USA 93: 8241-8246. 

Yang M, Luoh SM. Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. yw/crob/o/ogy 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed, Cambridge University Press. Cambridge UK, pp. 187-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM. Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of'a 
receptor for GDNF. Nature 382: 80-83, 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc, Natl, Acad. ScL USA 93: 7108-7113. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP. Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase ' 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, ZeiglerFC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk Proc 
Natl. Acad. ScL USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA. (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6: 732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T. Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J Med 333* 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z. Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J. Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon' E. (1993) Genetics of Cancer. Adv, Hum. Genet 21: 321-376. 

Borrow J, Goddard AD, Gibbons 8, Katz F. Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RAFIA-PML fusion 
transcripts. Sr. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML. is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J apd Goddard AD. (1991) Chromosomal aberrations in cancer. Science ' 
254:1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E. Pihiajaniemi T and Kivirikko Kl. 
(1991) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagie MK, Frischauf A.-M and Solomon E, (1991) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD. Sheer D and Solomon e; (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihiajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum,- 
Genef. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab, Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E. Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 27: 117-126. 

Zhu XP, Dunn JM. Phillips RA, Goddard AD, Paton KE, Becker A'and Gallie BL (1989) 
Ggrmline. but not somatic, mutations of the RBI gene preferentially involve the paternal 
allele. A/afure 340: .312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eve: Genes. Vision and 
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Wc have enhanced the polytnerasc chain 
reaction (PGR) such that specific DNA 
sequences can be detected 'witibout open- 
ing the reaction tube* This enhauccmeslit 
requires the addition of ethidium b^nxide 
(EtBr) to a PGR. Since the fluorescence of 
EtBr increases in dxe presence of double*- 
stranded (ds) DNA an increase in fiuot^s- 
cence in such a PGR indicates a positive 
amplification^ which can be eaisily moni- 
tored externally. In fact, amplification can 
be continuously monitored in order to 
follow its progress. The ability to simulta- 
neously ampUfy specific DNA sequences 
and detect the product of the amplification 
both simplifies and improves PGR and 
may facilitate its automation and more 
widespr^d use in the clinic or in other 
situatu>ns requiriilg high sample i^tirough- 
put 

Although xhc potential t^!cnc6.uj of PGR* lo.diu- 
tcal d&gfno4tK3 arc wisU kuowQ*-*, it h siill not 
widely used it* this setting, even tii<wigh U is 
four )-earft eioco th^rrooi^abl* DMA ^^ymfrt-- 
Ma* maiJc PCR practical. Some of the rfeasbns for its $low. 
Roc«pi&nc€ arc high cost, Wk of automation of pre-r and 
post-PCR prpocwing steps, and false positive results, from 
carryovcT-cOntamination, The fiim two po4Dt» are r<^t«i 
in that Ubot is thjc largest contributor to cost at the present 
stage of PCR dcvelofHttcnL Most tfumoit assays require 
oonjc form of "downstream" proccaaing once thermocy- 
cKng k done in order lo detennine whether the target 
DNA sequence was present a«d has amplified. Thcie 
indudc DNA hybridisation*'*, gel efectropbore*is with or 
vithout use of rcstrioion digestion*;*/ HFI;C*, or capillary 
deccrophorcsU'^. These methods iitc labor-intense, have, 
low iKrt>ufirhpuc» and are diiB&cuk to automate- The third 
point b afco clo^cty reiated to downstream processing. 
The handrmg of the PGR product in these downstro»m 
processes increases the chances that ainpliBed DNA .will 
spread ihrou^ the typing* lab, resulong in a .risk of 



"carryover" false positives in sub5<5quent testing". 

These down3trcani procjessing steps wowW be elimi- 
nated if specific aniplincation and detection of amphScd 
DNA took place simultaneoxwly within an unopctn^ re^ 
action veascL Assays in whkh sttdi dilTerent processes take 
place without, the jaced to separate reaction components 
have been termed -^bomogeneous", Ko truly homoge-. 
neous PGR assay has been dcamonstrated to date, akhoiigh 
progress toward* this end has been reported.- Chehab, et 
al.'% developed a PGR produa detection scheme using 
fluorescent primers that resulted in a fiuorescetit PCR 
product- Aildc-specific primcgrs, cadi with di£Fercnt fiuo- 
rescent tags* were used to iadicate- the g<:notype of itie 
DNA. However, the unincorporated primers tnust still be 
removed in a downstream process in order to vbuaHu: the 
result. Recently, Hoflahd, et al,'*, developed an assay iti 
which the endogenous 5' <x<>0Udease assay of 7<i^ DNA 
pdtytnerase was exploited to dcave a labeled oligonudeo- 
tide probe. Hxc probe %«>uld only cfcave if PGR 3nip()6- 
cation had produced its ooroptemeatary sequence. In 
order to detect the dcavage products, however, a subse- 
quent process M again needed. 

Wc have developed a ttnly homogeneoiM s(fisay for PCR 
and PGR produa detection based upon tbc gready in- 
creased fluorescence that ethidium broinide and other 
DNA binding dyes exhibit when they are bound lo.ds- 
DNA^^*^. As outhncd in Tigure f, a protbtypic PCR 
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RCVBE 1 PrinddLc of simultaneous ampG&adon and- detection of 
PCR product: The compoacnUcrf a PC^ conurtntxH; £i3r ihai xrb 
fluorewnt ^rt hsied— £tBr jttself, EtBr bound to ckhcr ssDN A or 
daDN A. Tbctx Is a )ar^ fliibrcsccnoc cnhaacctncnt when '£t££r is 
bo^od to DNA and bmdix^ u gj*c»tly ctkhanccd when DNA .is 
doublc-stracndcd. After sumicni <n)..CTdcs df PCR« the net 
mcTcaM tn diirDNA residts in additional tthr buH£n^« and «i net 
iacrciiitc in total 'Auorcv^nox. 
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JMIWi 3 Gd dcctrophoresis of KSt a^ni pUficztion (H-odwetB of the 
human, m«Scar gcno, HLA DQot, made in the pmeocc of 
tncrc^tsidg amountfi of EtBr (up lo S p-g/tdl). The presence of 
tt0r IvA tkO obviou* cffea on the ykW or 3j>cciiidty of ampli5- 
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neon % (A) Ftttotesccnce mcasurcnienu fttxn PCRs tbdt coatain 
0,5 EtBr and th^t »te specific for Y-0)^no«O]D(ic repeat 

Mooetwct. Five rcpUcate PCRs were begun cpptAinunzcadi 01 the 
ONA* sp«dfied. At cact indk^tca cyde, one of the five replicate 
PCSls for ciich DNA -was rcnioveil from thermocyding and tti 
fiuorcflccncc mca^ure^. Uhiu of fiuorciiccnce Are ^TtFitrary. (B) 
UV photography of PCRtubo (0.5 nd EppcDdorf^tylc, pc 
pytcne mtci^»<entjifuffc:tubcfl) c6nt»mmg reactions^ those 5ta,rt. 
ing from t ng male DNA Mid control reactions without any DKA, 
from (A), 



begins with primers that are shigle-$tmmicd DNA (ss- 
DNA), dNTP^ aod DNA polymerase! An amount of 
dfiDNA containitig the target sequence (target DN^A) is 
also typically present. This amouat can vary, depending 
on the application, front stngle-ceU amounts of DNA*'^ to 
microp^ttw per If EtBr is prcscnit, the reagemj; 

that wiU fluoresce, in order of increasing fiu<3*csccnoe» are 
EtBr h»dlf, and EtBr botmd to the single^lxartdcd 
DNA pHn)e» and to the doubl<>str«indcd target DNA (bf 
its Intercalation between the stacked bws of the DNA 
dooblohcfix). After Ae first denatu ration cyde, tat^et 
DNA will be largely sin^-stranded. After a VCR ta 
completed, the most signih^nt change is the increase in 
the amount of dsDNA (the PGR ptx>dua itsdO of up to 
several tnicf pgr^ins- Fonnerly free EtBr is bound to the 
addttKHial dsDNA^ rcstiltiDg in an mcrease in fluores- 
cence. There is also some decrease in the atnotioi of 
ssDNA primer^ but because the binding of £tBr to s&DNA 
is tntich less than to dsDNA, the effect of this change on 
the total Ruore«ccncc of the sample is smalL The fli»orcs- 
cenciC increase can be measured by directing cxckatiiDa 
iUumtnation thn;ttigh the walls of the amplificadon vcsseJ 



before and after, or even ainiinuously during, thennocy- 
ding. . ' 

RESULTS 

PGR in file presence of £t^r. order to' assei^s the 
affect of EtBr 10 PGR, amphficationfi of the hurnan Hl^ 
DQa g^ne^** were performed with the dye present at 
concentrations from 0,06 to 8.0 figM (a ty|pt<^ concen- 
tration of EtBr u.<:ed tn staining of niidetc aods foUo^vio. 
gel electrophoresis k 0.5 M^n?[), As shown in Figure 2/ge| 
electrophoresis rcveaied little or no difference in the yield 
or qualuy of the ampiiiicadon product vrhtthtr EtBr waj 
aba«it or present at any of these concentration$, indicat- 
ing that EtBr does not hihibit fCS^ 

DetectsoR of hnxnan Y-clttx>iifcOo9Rra epeolic ^ 
^neoces* Sequence-specific^ fluorescence eabafioement of 
EtBr a.^ a rcsvJt of PGR was demonscr&ldd in a scries c>f 
amplificatiotu containing 0.5 ^ig^ml EtBr and pHmen 
spedfi^c to repeat DNA sequctKcs lound on the hutoati 
Y-chromoiomo***- These PCRa initially contained either 
60 ng male, 60 ng ft^malc, 2 ng roak htiraan or no DNA. 
Five replicate PGRs vere begiin for DNA. After 0, 
17, 21, 24 and 29 cycles of thermocyding, 2 FCR for cacft 
DNA was removed from the thermocyder, and its fltio- 
rescetKx mcASiurtd In a spectroflnorottteter and ' plotted 
V5, amplificadon cycle number (Fig. 3A), flic shape of tlris 
cOrve TcSccts the fact that by the time an increase In 
fluorescence can bt detected, the izicreasc in DNA is 
becoming linear and not expoikcnlial with cyde number; 
As shown, the fluorescence iijcnesiscd about: three-fold 
over the background fluotescebce for the PCRi cSontain- 
itig human male DNA, but did not significantly increase 
for ocgaiive controJ PCRs, which contsdned ^tKer no 
DNA or hufiian female DNA. The more male DNA 
present to begin with~60 ng vcrwiS Z ng— the fewer 
. cydeA were needed to give a dcuectaWe increase in fluo- 
rescence: Od idectn>ohoresis 00 ihc prodnct£ of these 
ampliflcatsons showeo that DNA fragments of the ex- 
pe^cd &tic were made in the male DNA containing 
reactions and that Ikde DN A syntbe$s$ took place to the 
control samples. 

In addition, the increase in fluorescence was visualized 
by simply laying the completed, unopened PGRs on » UV 
transiUuTninator and photogrBphiiig d)Cin through a red 
filter. This is shown iti figure SB lor thfi reactions thai 
began with 2 ng male DNA and chose with no DNA- 

Detection of spcdflc aBck^ of t!ic htmian ^-global 
gene. In order to demonstrate that this ^proadi has 
adequate spedflcicy to aUow genetic screening, a detection 
of the jRkklc-odl anemia mutadbn was pcrfomicd* Fl^e 
4 Shows the fluorescence from cx)mpleted ajoapli&catio^^ 

conitaixiiag EtBr (O^ deteicx6d hf photography 

of the reaction tubes on a UV trapsiUomihator, These 
reacttons were performed uMng* primcrK spedftc for ci^ 
ther the wild-tTOe or sickk-ceil mutacioo of the' human 
^lobin gene*^. The spcdfidty for each allele is imparted 
by dbicing the sickie-mutation site at the terminal 3' 
nudeoudc of one primer. By using an ^proprildte primer 
annealing temperature^ prtmicr occenslofti — and thus am^ 
pljficatioh — can uke place only if the 5' nudeotkle of the 
prima- i$ complcmcctary lo the fl-g}abin aUcIc present^' 

Each pair Of ampBficadons shown in Figure 4 consists of 
a reaction with either the wiKiHype alldt spcdlk (left 
tube) or sicklc-allde spedEc (right tube) primers. Three 
different DNAs were typed: DNA from a homozygous, 
wild-type p-globin individual (AA); from a heterozygous 
sickle p-gKpbin individual (AS); and from a homozygous 
sickle p-gioWo individuai (SS). Each DNA (50 ng ^oomic 
DNA to start cAch FOR) vtus Analyzed in tripHcatc (3 pairs 
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^ rcactrons each). The DMA .type vas reflected in the * 
jjatiV€; fluOrescetJCC intcnsilie* in eath pair ofccmpk^jed 
^fppitficatk>iU5. There was a significant inorease in fluores- 
^oc Q^y where a ^^g;k>bin aDele DNA matched tlic 
pf^sicr Whco mttasurcd • oa a spcctrofl wroinetcr 
l^at^ shown), this fiuorcsccncc was ahoxxt three times 
present in a PGR where both p-globm allcics'wcrc 
jfiisiii?>tchcd v> tha primer set. Gel cicctrophcwrCfj* (poi 
^wrt) established that this increase in fluote^cetjce wa$ 
<]ue to the synthesis of nearly a microgratn of a DNA 
fr^mcnt of the expected size for ^^lobin. There was 
fitdc synthextA of dsONA in reactions in. which the aflete- 
^pcdfic primer was mismatched to both alleles. 

Continvow^ monitowm^ of u PCB^ Usiag a iibar optic 
icvtccn^*^^ 1$ poSKible to direct excitation lUuminatiou from 
;i spectrofluorometer to a PGR undergoing thcrmocycUtig 
and to rctirrn its fluoTx^ccncc w the Jipcctroftuoiionoeter. 
The fluorescence reiidout of such an arrangement, di- 
^ed ftt an EtBt-containing ampiificadon of Y-chromo- 
some spcd6c scqvcoccs frojn 25 of human male DNA> 
li shown in Figure 5. The readout frotn a control PCK • 
will! no target DNA is also shown. Thirty cyctes of PCR 
\gtrc monitored for each. 

The ftuorc3Ccncc trace a£ a ftmction of time dearly 
shows the effect of the thermocydiing. Fluorescence intea- 
idiy nseiand fedb inycrsdy with tcropetatuic The fluo- 
rescence intenfiiiy Is minimum at the denaturation tem^ 
per3ture (d4*C) and maxinium at the anncaUn^esdemion 
tcjnpcrauirc (SOX). In the negative-control PCR^ these 
6uorc3cencc maxima and minima do not dttangc. $igai6- 
cjtnUy over the thirty tbormocycte, rndK^tliig that there is 
tittle dBDNA r^tbesis without the appropriate taic^ct 
DNA. and there b .littk if any WcachiM of EtBr dunng 
(he continuous ilhiniinatiQn Of the sam{»e. 

In (he PCR containing male DNA, the fltiorcscencc 
inaxima at the annealing/extiexision tcmpciaturc begin to 
incrcane at about 4000 second$^ of thtiroocyding, and 
continue to increase whb time, indicating that dsDNA u 
being produced at a detectable level Note that the fluo- 
rescence minima at the denaturation tttnperarure do not 
atgniRcandy increase:, prCfUmably because ai this temper- 
ature there is no d&DN A for EtBr to bind- Thus the course 
of the amplification is followed by tracking the fluorcs^. 
cence Increase at the aaneaHng temperature. Analysis bf 
■he products of thcde two amphficadoos by gel clcetropho- 
ixfHs jihowed a DNA fragment of the cicpcctcd size for the 
male DNA contaming sample and no detectaWc DNA 
syntheiUj; for the control, sample. 

DISCUSSION 

Downstream processes such as hybridiration to a se- 
quence-Apedfic probe can' enhance die specifidty bf DNA 
deteutiuti by PGR. The cHrijiiMtion H^cmi procc39C3. 
means that' the spcdficHy of this homogeneous assay 
depends solely on that of tCK In the case of ^leoell 
diieaflc, we have shown that PGR alotx: ha^ suffident DNA 
sequence apcdfidty to permit genetic screening. Using 
appropriiite amphhcatioa conditions, there b little tM>n* 
^pcdfic production of dsDNA in the abocnce of Ae 
appropriate target ailde. 

The spcdfidiy required to detect pathogens can be 
more or less than that rc«)uired' to do geitedc scrccninj^ 
dcpctiding on the number of pathogens in the sample acMc! 
the amount of other DNA that must be taken with the 
sample. A diHicidt target is HIV, which Tcquircs detection 
of a vixnJ genome that can be at the levci of a few topics 
per tho\L<ands of Lost ccUs*. Compared with genedc 
*accning, which is performed on cdls jcontainiog at least 
one copy of tlie target sequence. HIV idetection xequircs 
Wh more specifidty and the input of more Mai 
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11999$ A UV photography of PCR tubes cciiztainiii^ <unptt5c«tnnu 
wng EtBr m?t art spedftc to viW-typc (A) or licWc (S> altdes cf 
thchunuD ^-globin gene. The te^ ox each p^ of tubes contains 
aSde^ipcdfic p;tiincr» lo dt« wild-<ypc afides« the right tube 
primers to the ^ckte attek- The ohmo^t^ tnkra afier SO 
cycles of PCRi.acid the input DNAs aztd- the alkies thcv contain 
are hHtoted- Wty tag of DNA used to begin FGiC Typmg 
was done in tripiicBte (3 pairs of PCRs) Tor cadi inpm ON Ai 
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RGOtt S Continttaus> rcal-thtic mowtorin^ of a PCR. A fiber aptk 
was oscd to <»rn- cxdtation light to a IXiR tu progress add al*o 
emhted lirfu bask to « fiooromctcr (bcc E?cpentiicntal 3^oco4). 
AmpliBcadonvsiQg human malo-DNA £pco6c pHmcrs in a PCR 
st^LTting with ^ ng of huckaa nude DNA {^ofh or * (TOntrol 
FCa ^diout DNA. (Ix^trtm), were monitored. Thirty cyda of 
PGR were foliowed for each. The' temperature Cydrd between 
94*C {dcnaturadocn) and 50*C (atincalio^ and ciOcnsjon), Note in 
the male DNA POEt^.the cydc (dmc) d^pfetiSlcnt inatasc in 
fhrorcscciHx at the aniieaEng/cxtcn^on tcttfpcrAUire, 
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DN A — up to micfx>graDf) aniount»™ia order to have suf- 
ficient nwnbcrs of tar^gct sequences. This larg« amount of 
Atajtiog DNA m an ampUhCatioa sigftifyCtiTiUy intcrcases 
the background fluorescence over wwch aaf additional 
ftuoreiiCjence produced by PGR must be detected. An 
additional compHcation that occurs with targets in low 
copy-number is the formation of the *^rinicr-dimer" 
ardfaci. This is ihc rcswJt of the cxtendon of one primer 
uwng the other pnmcr « a tcjcoplate. Although this occurs 
infrequently^ Once it cxxun the extension product is a 
substrate for PCR amplifkation^ and can compete whh 
true PCR tai^gets if those targets are rare. Ihc primtr- 
dimer product i$ of course dsDNA and thus is a potential 
source of false signal in this homogeneous aA^ay, 

To increase FOR spedfkity and reduce the eHcct of 
phoier^dimcr anlpUfi^tioa, we are investigatiDg a num- 
ber of apj?roacbcs. indudtng the use of ncsted-prtmer 
ampUBcauons dvat take place in a singic tubc^t and the 
*1iot-start'*j 5n which nonspecific atnplincation » reduced 
by raising the temperature of the reaction before DNA 
synthesis begins**, Prdixntnary resuks using these ap- 
proaches suggest thatprixnerHJiiwcT is effectively reduced 
and it b possible to aetect the ittcrease in EtBr fluores- 
cence in a PGR instigated by a angle HIV genome in a 
bAckgrOund of 10* CcJts. With larger numbeTB C^CcHs, the 
background Huorcsccncc contribirted by genomic DNA 
becomes problematic. To. reduce tins iKW^grouod, it nj?>y 
be possible to use sequence-^pedfk: DNA-binding dye^ 
that can be made to prcfcrentiaUy bind PCR product over 
genomic DNA by incor|>orating the dye-bindJng DNA 
sequetH:e into the FOl product uirm^h a 5' ^'add-on" to . 
the oligonucleptidc primer*'*. 

We nave shown that the detection of fluorescet)ce 
generated by an £tBr-contaming FCR is straightforward, 
both once PCR is completed and continuously during 
thermocycHng. The ease with whkh automation of spe- 
cifk DNA detection cao be accomplished is the most 
protnising aspect of this assay. The Huorescence analysts 
of completed PCRs is alrcadvpossibJc with cxistit^ mstru- 
mentatkm in 96-weII formatr*. in tlus format^ the fluorcs* 
ccncc in each PCR can be <jt»antitated before^ after» and 
even at selected points during thermocyciing by moving 
die rack of PCRs to a 96;mictOW]ll plate fluorescence 
reader*^. 

The instrumentation necessary to continuously monhor 
muldple PCRs simultaneously is also simple in printiple. 
A direct c7t tension of the apparatus used here is to have 
multiple fiberopdcs txansniit the e^idtation Hght and flu- 
orescent etnissioDS to and from multiple PCRs. The ability 
to monitor uiultiple PCRs continuously may aJk>w quao- 
utation of target DNA copy number. Figure S shows that 
the larger the amount of starting target DNA, the sooner 
during PT.R a fluorescence increase is detected. Prdinii- 
nary experiments <Higudu and DoUinger, manuscript in 
preparation) >*4ih continuous monitoriiig have shown a 
sensitivity to two-fold dififcrenccs in initial target DNA 
concentradon. 

Conversely, if the nutnber of target molecules b 
);^Qwti — as It can be in genetic screcning-^TCODtinuous 
monitoring may provide a means pf detecting false posi- 
tive and false ticgat^vc result*. With a knovn number of 
target molecules, a true posidve would eithibit detectable 
RuoresoetKe by 9 predictable number of cydcs of PCR. 
Increases in Buorcscence detected before or after that 
cycle would iodicatc potential ardfacts* False negative 
results due to» for esamplc.inhibidon of DNA polymer- 
ase, may be detected by including within each PCR an 
inefTidendy ampHfyijig luaTicr, This nwrkcr results in a 
fiuoreficenoe iuGreasc only after a large number of cy- 
cles—many more' than are ncpcssary to fletect a true 



positive- If a samj^c fails to hare a fluorescence increase 
after this many cycles, iohiUttOn may be suspected. Since, 
in this assay, condwsions are drawn based on the presence 
vr abseooc of fluorcsccnoc signal alone, sucb controls rnay ; 
be important- In any event before any test based on this 
principle is ready for the chnic; an asscsHDcnt of iti false 
posldve/false negadve rates wfll need to be obtained using 
a laigc mimbcr of known samples. 

In Summary, the Indusioti in PCR of dye* whose fluo- 
rescence is enhanced upon binding dsDNA makes it 
possible to detca spcci&c DNA ampUficarion fromouGsidir 
the PGR tube. In the future, instruments based upon this 
principle may facilitate the more widespread use of PCR 
in applications that demand the h%h throughput of 
samp<ci5. 

EXPERIMENTAL PROTOCOt 

Hiunaii HLA-DQn jgCxHC Amplificadoaa omtatnu^ EtBr, 
PCRs were *et wp tn 100 volumes containing JO mM Tris-HQ* 
pH 8,3; 50 mM KCI; 4 mM MgOj: 23 unit* of faq DNA 
polyntcrasc (PerltiiwElmer Ccmi, NorwBlk, CT); 20 pniolc each 
of human HlA-DQa ' gene specific oligonudeodoe primers 
(m26 and CH27^' and approxainatelj 10* copies of DQot PGR 
product diluted fmm a prevlows reaction. Ethidium bromide 
(E*Rr: SigtwO w« used M the conccnttattons .indicated in Figarc 
2. Thermocyding proceeded for 20 cycles in A fnodd 46^) 
dKXVQOcydcr <Pcrkit>-Elmcr Ccpms fkirwalk, Ct) unab a "rtcp- 
cydc" program of 94*G for 1 ranL denaturation and 6(rG for 30 
sec flnwiSmg and 72*C for 30 ico exiensioi), 

Y-chromomnnc specific POEl. PGRs (100 pi total reaoigo 
volume) containing ©J» )t£/mt EtBr were prepared as described 
for lttA-DQ»r except Midi difl'crcm prunat and tart^ DNAs. 
These PCRs contained 1 5 pmofc each male DN A^spodiic prime»» 
YI . 1 and V 1.2*^, add cidicr 60 ng nrale, 60 oef<m>!e, 2 ng roak. 
or no human DN A. ThcrroOcyding tirasJK^CTor 1 min- and SO^C 
for 1 aiin using a "rtcp-cyde** program. Tlic munbcr oTcycks for 
a sample >ferc as indtcaied in F»gure 3. Fluorcaocncc measure- 
ment k described bcJow. 

Allclc-apccific, htuxun ^-gloMn gcn« PGR. AmpUiicauons of 
100 pJ vi^Mmc using 0.5 i^gAnl of ixBr were pre^red a« 
described for HLAoiQtk above except nHth diflEcrcmpriincrs and 
target DNAs. These PCRs conuuned enher. primer pair Ht>P8/ 
HJiliA ^wBd-type gloWn ^pcctfic primcis) or HGPiyillil-tS (»ck- 
^c-globln spcdfic primers) at 10 pmole e*ch primer per PCR, 
These prtetcrs wrc de»elc>ped by Wu ct aL^\ Three different 
tatgei DNA.< Were twcd ix> 9cparate amplification&--50 ng caeli of 
human DN A that was hotnorygpus for the nitklc trait (5S}* DNA 
Uiat was hctcTDzyKOW for the sidtle iraH (A$K or DNA that mju 
homozygous for the w.t- ^obin (AA). Thermcxycfing was for SO 
cycles at 94X; for I mm. and tor 1 min. **^^<r^ 
pTX>gram. Au andeaHog ten»pcra.nire of 55X nccn shown vy 
Wu et aL** to provide alldc-spcrific atppIitoUon. Completed 
PCRs were phcrtographcd through a red fitter <Wraticn 23A) 
after placing the rcactKm t«bes atop a model TM-S6 transiHuofti* 
nator (UV-products Sao C»abr%d, CA). 

FhtOtesccnce xneasnxeineiit. nnore$cetK?e rocasurcraen W wcr* 
fxwid^ on PCRs contmnlnl: Et»r in a Fluorolog*? Ouoromcttr 
^PEX, Edison. NJ). txdurtion was at the 500 urn band with 
about 2 nm bandwiddi with a.OO 455 nm ciK-off fiUerjMc»cs 
Crist, loc^ Indne. CA) to cicludc ecoond-otder ligiit Eiwitwd 
Hght was detected at 570 nm widi a baddwidtb of about 7 mn. An 
OG 530 cm cut-off i»Ju:r Was used to remove the cacdtadon 

t^mtimtotiA flaore5icence mooHoring of FCR, Cowjinuous 
monitoring of a PCR in prOgrcw was accoraplid>e<l ««ng the 
fipcctrofluoronieier and fetungs describod above as well as a 
ffbcroptic atcesjory (SH&X cat no. 1950) to both send cxotauon 
frght to. aad receive emitted Ught from, a PCRpJaccd m a wcU<tf 
a modd 480 tbcnnocyclcr (Pericbi-Elmer Cctus). The probe e*^ 
of the fiberoptic cable was attached wiUi minute-cpoxy' to tjte 
open top of a PCR tube (a 0^ ml potjrprojsyJcnc ccntrift^c tube 
wtUi cap removed) fefieawcW Acahog iL The exposed toP/^ 
the PGR tulx and the end of the fiberoptic caWc were rfi>cldcd 
from room light and the rooro l«ght$ were kept dimmed durmg 
each rup. The mamiorcd PCR was an awpTtJicauon of y-ebro- 
n>o?dmE-«pcdfic repeat scqvcuces as described above, ciwccpt 
using an anncatingfertension teropcraturc of SOX. ThercaCOCm 
was C3(>vetcd with mij^eral oil (2 drops) to prevent evapor^on- 
Thcrnwxycfcg and fiuoresccncc Docasuccmcai vere started si- 
multaneously. A tUne-basc soti witii a lO second integratiotf 
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uf«d And Cxc «mb»oa signal was ratiocd to tbc cxcttaticm 
fligrtJiI to control fot dlJitjftc* to light-KRircc intcnKity. Oad wcrc 
Reeled using the dra500Qf, vewion 5i.5 (SPEX) data systcpi. 
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IMMUNO BIOLOGICAL LABORATORIES 



SCD-14EUSA 

Trauma, Shock and Sepsis 




The CO-14 molecule is expressed on the surface of 
monocytes and sofne macrophages. Membrane- 
bound C0t1.4 is-a. receptor for lipopolysaccharide 
(LPS) complexed to LPS-Binding-Protein (LBP). The 
concenirailoo of its soluble form is aftered under 
certain palliological conditions. There, is esndence lor 
an Impon^ini role of sC0-14.with pofytrauma. sepsis, 
burnings and inflammations. 
During septic corxiifions and acute infections it seems 
to be a prognostic marker and is tfierefore of vaiiie in 
monftoflng these patients. 



IBL (rffers an EUSA for quantita^ tiletermination of 

soMdIq CD-14 in human serum, -plasma, ceil-cutture 

supernatants and o^er biological fluids. 

Assay features: 12x8 determinafior^s 
(micro^er strips), 
precoated sMih a specific 
monocJonal antibody, 
2x1 hour incubation, 
standard range: 3-96 ng/ml 
detectior* limit: 1 ng/ml 
CV.intra- and interassay < 8% 



For more information call or fax. 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Livak, Susan j.A. flood, Jeffrey Marmaro, William Giusti, and Karin Deetz 

Perkin-Elmer, Applied Biosystems Division, Foster City, CaHfornia 94404 
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The 5' nuckase PCR assay detects the 
accumulation of specific PCR product 
by hybridfxatlon and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe U an oligonucleotide with 
both a reporter fluorescent dye and a 
quencher dye attached. An increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and has 
been cleaved by the S' -►B' nucle- 
olytlc activity of Taq DNA polymerase. 
In this study, probes with the 
quencher dye attached to an internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the 3'-end nucleotide. In alt 
cases, the reporter dye was attached 
to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3'- 
end nucleotide exhibited a larger sig- 
nal In the 5' nuclease PCR assay than 
the internally labeled probes. It Is 
proposed that the larger signal is 
caused by Increased likelihood of 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In repdrter fluorescence 
intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
" ^es attached at opposite ends can 
used as homogeneous hybrldlza- 
Ton probes. 



homogeneous assay for detecting 
the accumulation of specific PCR prod- 
uct that uses a double-labeled fluoro- 
genie probe was described by Lee et al/*^ 
The assay exploits the 5' --^3' nucle- 
olytic activity of Taq DNA poly- 
merase^^'^^ and is diagramed in Figure 1. 
The fluorogenlc probe consists of an oli- 
gonucleotide with a reporter fluorescent 
dye, such as a fluorescein, attached to 
the 5' end; and a quencher dye, such as a 
rhodamine, attached internally. When 
the fluorescein is excited by irradiation, 
its fluorescent emission will be 
quenched if the rhodamine is close 
enough to be excited through the pro- 
cess of fluorescence energy transfer 
(FET)/'»'^> During PCR, if the probe is hy- 
bridized to a template strand, Taq DNA 
polymerase will cleave the probe be- 
cause of its inherent 5' 3' nucleolytlc 
activity. If the cleavage occurs between 
the fluorescein and rhodamine dyes, it 
causes an increase in fluorescein fluores- 
cence Intensity because the fluorescein 
is no longer quenched. The increase in 
fluoresceui fluorescence intensity indi- 
cates that the probe-specific PCR product 
has been generated. Thus, FET between a 
reporter dye and a quencher dye is criti- 
cal to the performance of the probe in 
the 5' nuclease PCR assay. 

Quenching is completely dependent 
on the physical proximity of the two 
dyes/*' Because of this, it has been as- 
sumed that the quencher dye must be 
attached near the 5' end. Surprisingly, 
we have found that attaching a rho- 
damine dye at the 3' end of a probe 
still provides adequate quenching for 
the probe to perform in the 5' nuclease 



Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used in this 
study. Linker arm nucleotide (LAN) 
phosphoramidite was obtained from 
Glen Research. The standard DNA phos- 
phoramidites, 6-carboxyfluorescein (6- 
FAM) phosphoramidite, 6-carboxj^et- 
ramethylrhodamiiie succinimidyl ester 
(TAMRA NHS ester), and Phosphallnk 
for attaching a 3'-bIocking phosphate, 
were obtained from Perkin-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
ABI model 394 DNA synthesizer (Applied 
Biosystems). Primer and complement 
oligonucieoUdes were purified using 
Pligo Purification Cartridges (Applied 
Biosystems). Double-labeled probes were 
synthesized with 6-FAM-iabeled phos- 
phoramidite at the 5' end, LAN replacing 
one of the T's in the sequence, and Phos- 
phahnk at the 3' end. Following de- 
protection and Gthanol precipitation, 
TAMRA NHS ester was coupled to the 
LAN-containing oligonucleotide In 250 
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PCR assay. Furthermore, cleavage of this 
type of probe is not required to achieve 
some reduction in quenching. Oligonu- 
cleotides with a reporter dye on the 5' 
end and a quencher dye on the 3* end 
exhibit a much higher reporter fluores- 
cence when double-stranded as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 
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Polymerization 



Forward 
Primer 



Probe 



-5* 



Strand displacement ^ 

A. 



Reverse 
Primer 



5'. 

3- 



Cleavage 



5*. 

3'- 



Ip3' 



-3' 
■5* 



Polymerization completed 



5'. 

3- 



-3' 
■5' 



FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of the 5' - ^^^^^y^^^^. 
So'raqDmpo^^^ probe during one extension phaseof PCR. 



niM Na-bicarbohate buffer (pH 9.0) at 
room temperature. Unreacted dye was 
removed by passage over a PD-10 Sepha- 
dex column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(HPLC) using an Aquapore Cg 220x4.6- 
mm column with 7-fi.m particle size. The 
column was developed with a 24-min 
linear gradient of 8-20% acetonitrile in 
0,1 M. TEAA (triethylamme acetate). 
Probes are named by designating the se- 
quence from Table 1 and the position of 
the lAN-TAMKA moiety. For example, 
probe Al-7 has sequence Ai with LAN- 
TAMRA at nucleotide position 7 from the 
S' end- 



PCR Systems 

All PCR amplifications were performed 
in the Perkin-Elmer GeneAmp PCR Sys- 
tem 9600 using SO-\i\ reactions that con- 
tained 10 raM Tris-HCI (pH 8.3), 50 mM 
KCl, 200 dATP, 200 m-m dCTP, 200 )lm 
dGTP, 400 jtM dUTP, 0.5 unit of AmpEr- 
ase uracil N-glycosylase (Perkin-Elmer), 
and 1.25 unit of AmpHTaq DNA poly- 
merase (Perkin-Elmcr). A 29S-bp seg- 
ment from exon 3 of the human p-actin 



gene (nucleotides 2141-2435 in the se- 
quence of Nakajlma-Ujima et al.)*^* was 
amplified using primers AFP and ARP 
(Table 1), which are modified slightly 
from those of du Breuil et al.*"^ Actin am- 
plification reactions contained 4 mM 
MgClz, 20 ng of human genomic DNA, 
50 nM Al or A3 probe, and 300 nM each 



primer. The thermal regimen was SO'^C 
(2 min), 95X (10 min), 40 cycles of 95X 
(20 sec), 60°C (1 min), and hold at 72"C. 
A 515-bp segment was amplified from a 
plasmid that consists of a segment of X 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal site of vector pUC119. 
These reactions contained 3.5 mM 
MgCI^, 1 ng of plasmid DNA, 50 nM P2 or 
P5 probe, 200 nM primer F119, and 200 
nM primer R119. The thermal regimen 
was sere (2 min), 95^0 (10 min), 25 cy- 
cles of 95X (20 sec), 57X (I min), and 
hold at 72**^ 



Fluorescence Detection 

For each amplification reaction, a A0-^\ 
aliquot of a sample was transferred to an 
Individual well of a white, 96-well mlcro- 
titer plate (Perkin-Elmer). Fluorescence 
was measured on the Perkin-Elmer Taq- 
Man LS-50B System, which consists of a 
luminescence spectrometer with plate 
reader assenibly, a 485-nm excitation fil- 
ter, and a 515-nm emission filter. Excita- 
tion was at 488 nm using a 5-nm slit 
width. Emission was measured at 518 
nm for 6-FAM (the reporter or R value) 
and 582 nm for TAMRA (the quencher or 
Q value) using a lO-nm slit width. To 
determine the increase in reporter emis- 
sion that is caused by cleavage of the 
probe during PCR, three normalizations 
are applied to the raw emission data. 
First, emission intensity of a buffer blank 
Is subtracted for each wavelength. Sec- 
ond, emission intensity of the reporter is 



TABLE 1 Sequences of Oligonucleotides 



Name 



Type 



Sequence. 



ACCCACAGGAACTGATCACCACTC 
ATGTCGCGTTCCGGCTGACGTTCTGC 
TCGCATTACl GATCGTrGCCAACCAGlp 
CTACTGGTrGGCAACGATCAGTAATGCGATG 

CGGAlTTGCIGGTATCTATGACAAGGATp 
TTCATCCrrGTCj^TAGATACCAGCAAATCCG 

TCACCCACACTGTGCCC-ATCTACGA 
CAGCGGAACCGCrCATTGCCAATGG 
ATGCCCTCCCCCATGCCATCCTGCGlp 
AGACGCAGGATGGCATGGGGGAGGGCATAC 

CGCCCrGGACrrCGAGCAAGAGATp 
CCATCTCITGCTCGAAGT CCAGGGCGAC ^ 

For each oligonucleotide used in this study, the nucleic acid sequence is given, 
5 -. 3' direc'tion. There arc thx^ types of oligonucleotides: PGR primer. «-<>;^>Ken*c ^^^^^^ 
in the 5' nuclease assay, and complement used to hybridize to the corresponding probe ^ For t 
pro^es^^unde^Uned base indicates a position where IAN with TAMRA attached was subsn 
tuted for a T. (p) The presence of a 3' phosphate on each probe. 



F119 

R119 

P2 

P2C 

1*5 

P5C 

AFP 

ARP 

Al 

AlC 

A3 

A3C 



primer 
primer 
probe 

complement 
probe 

complement 
primer 
primer 
prot>e 

complement 
probe 

complement 
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Ai -2 RaQgccctcccccatgccatcctgcgt^ 

A1-7 RATGCCCQC'CCCCATGCCATCCTGCGTV 

A1-14 RaixsccctcccccaQgccatcctgcgtp 

A1-19 RatgccctcccccatgccaQcctgcgtp 

AI -22 RatgccctcccccatgccatccQgcgtp 

A 1 -26 RatgccctcccccatgccatcctgcgQp 



Probe 


518 nm 


582 nm 


RQ- 


RQ+ 


ARQ 




no temp. 


+• temp. 


no temp. 


■»■ temp. 








Ai-a 


25.5*2.1 


32.711.9 


38.2 1 3.0 


38.2 ± 2.0 


0.67 1 0.01 


0.86 ±0.06 


0;i9 + 0.06 


A1-7 


53.5 ±4,3 


395.1 ±21.4 


108.5 ± 6.3 


1 10.3 ±5.3 


0.49 ± 0.03 


3.58 ±0.17 


3.0910.18 


A1-14 


127.0 ±4.9 


403.5 ±19.1 


108.715.3 


93.1 ±6.3 


1.16 + 0.02 


4.34 ±0.15 


3.1810.15 


AM 9 


187.5 ± 17.9 


422.7 ± 7.7 


70.317.4 


73.012.8 


2.6710.05 


5.80 ±0.1 5 


3.13 + 0.16 


A1-22 


224.619.4 


482.2 ± 43.6 


100.0 + 4.0 


96.2 ± 9.6 


2.25 ±0.03 


5-02 + O.lt 


2,7710.12 


A1-26 


ie0.2±8.9 


454.1 1 18.4 


93.1 ± 5.4 


90.713.2 


1.72 ±0.02 


5.01+0.08 


3.2910.08 



FIGURE 2 Results of 5' nuclease assay comparing p-actin probes with TAMRA at different nucle- 
otide positions. As described in Materials and Methods, PGR amplifications containing the in- 
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm. 
Reported values are the average ±1 s.D. for sbt reactions nin without added template (no temp.) 
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and RQ * values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for each 
|reaction tube. This nonnalizes for weil- 
to-weil variations in probe concentra- 
tion and fluorescence mea.surement. Fi- 
nally, ARQ is calculated by subtracting 
the RQ value of the no-template control 
(RQ~) from the RQ value for the com- 
plete reaction including template 
(RQ*). 

RESULTS 

A series of probes with increasing dis- 
tances tHftween the fluorescein reporter 
and rhodamine quencher wiere tested to 
investigate the minimum and maximum 
spacing that would give an acceptable 
performance In the 5' nuclease PGR as- 
say. These probes hybridize to a target 



sequence in the human 3-actin gene. 
Figure 2 shows the results of an experi- 
ment in which these probes were in- 
cluded in PGR that amplified a segment 
of the p-actin gene containing the target 
sequence. Performance in the 5' nu- 
clease PGR assay is monitored by the 
magnitude of ARQ, which is a measure 
of the increase in reporter fluorescence 
caused by PGR amplification of the 
probe target. Probe Al-2 has a ARQ value 
that is close to zero, indicating that the 
probe was not cleaved appreciably dur- 
ing the amplification reaction. This sug- 
gests that with the quencher dye on the 
second nucleotide from the 5' end, there 
is Insufficient room for Taq polymerase 
to cleave efficiently between the reporter 
and quencher. The other five probes ex- 
hibited comparable ARQ values that are 



clearly different from zero. Thus, all five 
probes are being cleaved during PGR am- 
piification resulting in a similar increase 
in reporter fluorescence. It should be 
noted that complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
in Figure 2 (data not shown). Thus, even 
in reactions where amplification occurs, 
the majority of probe molecules remain 
uncleaved. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes little with 
amplification of the target. This is what 
allows us to use the 582-nm fluorescence 
reading as a normalization factor. 

The magnitude of RQ~ depends 
mainly on the quenching efficiency in- 
herent in the specific structure of the 
probe and the purity of the oligonucle- 
otide. Thus, the larger RQ~ values indi- 
cate that probes AM4, Al-19, Al-22, dnd 
Al-26 probably have reduced quenching 
as compared with AI-7. Still, the degree 
of quenching is sufficient to detect a 
highly significant inacase in reporter 
fluorescence when each of these probes 
is cleaved during PGR. 

To further investigate the ability of 
TAMRA on the 3' end to quench 6-FAM 
on the 5' end, three additional pairs of 
probes were tested in the 5' nuclease 
PGR assay. For each pair, one probe has 
TAMRA attached to an internal nucle- 
otide and the other has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 2. For all three sets, the 
probe with the 3' quencher exhibits a 
ARQ value that is considerably higher 
than for the probe with the internal 
quencher. The RQ~* values suggest that 
differences in quenching are not as great 
as those observed with some of the Al 
probes. These results demonstrate that a 
quencher dye on the 3' end of an oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of 5' Nuclease Assay Gomparing Probes with TAMRA Attached to an Internal or 3'-terminaI Nucleotide 



518 nm 



582 nra 



Probe 


no temp. 


+ temp. 


no temp. 


+ temp. 


RQ- 


RQ^ 


ARQ 


A3-6 


54.6 ± 3.2 


84.8 ± 3.7 


116.2 ±6.4 


115.6 ± 2.5 


0.47 ± 0.02 


0.73 ± 0.03 


0.26 ± 0.04 


A3-24 


. 72.1 ± 2.9 


236.5 ± 11. 1 


84.2 ± 4-0 


90.2 ± 3.8 


0.86 ± 0.02 


2.62 ± 0.05 


1.76 ± 0.05 


P2-7 


82.8 ± 4.4 


384-0 ± 34,1 


105.1 ± 6.4 


120.4 ± 10-2 


0.79 ± 0.02 


3.19 ±0.16 


2.40 ±0.16 


P2-27 


113.4 ±6.6 


555.4 ± 14.1 


140.7 ± 8.5 


118.7 ± 4.8 


O.ftl ± 0.01 


4.68 ± 0.10 


3.88 ± 0.10 


1*5-10 


77,5 ± 6.5 


244.4 ± 15.9 


86.7 ± 4.3 


95.8 ± 6.7 


0.89 ± 0.05 


2.55 ± 0.06 


1.66 ±0.08 


^5-28 


64.0 ± 5.2 


333.6 ±12.1 


100.6 ± 6,1 


94.7 ± 6.3 


0.63 ± 0.02 


3.53 ± 0.12 


2.89 ± 0.13 



Reactions containing the indicated probes and calculations were performed as desaibed in Material and Methods and in the legend to Fig. 2. 
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fluorescence of a reporter dye on the 5' 
end. The degree of quenching is suffi- 
cient for this type of oligonucleotide to 
be used as a probe in the S' nuclease PGR 
assay. 

To test the hypothesis that quenching 
by a 3' TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
measured for probes in the single- 
stranded and double-stranded states. Ta- 
ble 3 reports the fluorescence observed 
at 518 and 582 nm. The relative degree 
of quenching is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-10 nucleotides from the 5' end, there 
is little difference in the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides. The results 
for probes with TAMRA at the 3' end are 
much different. For these probes, hy- 
bridization to a complementary strand 
causes a dramatic increase in RQ. We 
propose that this loss of quenching is 
caused by the rigid structure of double- 
stranded DNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there is a marked Mg^"*" effect on 
quenching. Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg^* concentra- 
tion. With TAMRA attached near the 5' 
end (piobe Al-2 or Al-7), the RQ value at 
0 mM Mg^* Is only slightly higher thari 
RQ at 10 mM Mg^^. For probes Al-19, 
Al-22, and Al-26, the RQ values at 0 mM 
Mg^^ are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, there is a marked de- 
crease in RQ at 1 mM Mg^^ followed by 
a gradual decline as the Mg^^ concen- 
tration Increases to 10 mvf. Probe Al-i4 
shows an intermediate RQ value at 0 mM 
Mg^'*" with a gradual decline at higher 
Mg^^ concentrations. In a low-salt en- 
vironment with no Mg^"*" present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg^^ ions acts to 
shield the negative charge of the phos- 
phate backbone so that the oligonucle- 
otide can adopt conformations where 
the 3' end is close to the 5' end. There- 
fore, the observed Mg^"^ effects support 
the notion that quenching of a 5' re- 
porter dye by TAMRA at or near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
At seems the rhodamlne dye TAMRA, 
placed at any position In an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein (6-FAM) placed at 
the 5' end- This implies that a single- 
stranded, double-labeled oligonucle- 
otide must be able to adopt conformai- 
tions where the TAMRA is close to the 5' 
end. It should be noted that the decay of 
6-FAM in the excited state requires a cer- 
tain amount of time. Therefore, what 



TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and 
Double-stranded Fluorogenic Probes 



518 nm 



SB2 nm 



RQ 



Probe 


ss 


ds 


ss 


ds 


ss 


ds 


Al-7 


27.75 


68.53 


61.08 


138^18 


0.45 


0.50 


Al-26 


43.31 ' 


509.38 


53.50 


93.86 


0.81 


5.43 


A3-6 


16.75 


62.88 


39.33 


165.57 


0.43 


038 


A3-24 


30.05 


578.64 


67.72 


140.25 


0.45 


3-21 


P2.7 


35.02 


70.13 


54.63 


121,09 


0.64 


0.58 


P2-27 


39.89 


320.47 


65.10 


61.13 


0.61 


5.25 


P5-10 


27.34 


144.85 


61.95 


165.54 


044 


0.87 


P5-28 


33.65 


462.29 


72.39 


104.61 


0.46 


4.43 



(ss) Single-Stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a fuial 
concentration of SO nM indicated probe, 10 mM Tris-HCl (pH 8,3), 50 mM KO, and 10 mM MgO^. 
(ds) Double-stranded. The soluUons contained, in addlUon, 100 nM AlC for probes Al-7 and 
Al-26, 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27, or 100 dm 
PSC for probes PS-10 and PS-28. Before the addiUon of MgOa, 120 iaI of each sample was heated 
at 9S-C for 5 min. Following the addition of 80 jjlI of 25 mM MgQz, each sample was allowed to 
cool to loom temperature and the fluorescence emissions were measured. Reported values are 
the average of three determinations. 



matters for quenching is not the average 
distance between 6-FAM and TAMRA 
but, rather, how close TAMRA can get to 
6-FAM during the lifetime of the 6-FAM 
excited state. As long as the decay time of 
the excited state is relatively long com- 
pared with the molecular motions of the 
oligonucleotide, quenching can occur. 
Thus, we propose that TAMRA at the 3' 
end, or any other position, can quench 
6-FAM at the 5' end because TAMRA is in 
proximity to 6-FAM often enough to be 
able to accept energy transfer from an 
excited 6-FAM. 

Details of the fluorescence measure- 
ments remain puzzling. For example. Ta- 
ble 3 shows that hybridisation of probes 
A 1-26, A3-24, and P5-28 to their comple- 
mentary strands not only causes a large 
increase in 6-FAM fluorescence at 518 
nm but also causes a modest Increase in 
TAMRA fluorescence at 582 run. If 
TAMRA is being excited by energy trans- 
fer from quenched 6-FAM, then loss of 
quenching attributable to hybridization 
should cause a deaease in the fluores- 
cence emission of TAMRA. The fact that 
the fluorescence emission of TAMRA in- 
creases indicates that the situation is 
more complex. For example, we have an- 
ecdotal evidence that the bases of the 
oligonucleotide, especially G, quench 
the fluorescence of both 6-FAM and 
TAMRA to some degree. When double- 
stranded, base-pairing may reduce the 
ability of the bases to quench. The pri- 
mary factor causing the quenching of 
6-FAM in an intact probe is the TAMRA 
dye. Evidence for the importance of 
TAMRA is that 6-FAM fluorescence 
remains relatively unchanged when 
probes labeled only with 6-FAM are used 
in the 5' nuclease PGR assay (data not 
shown). Secondary effectors of fluores- 
cence, both before and after cleavage of 
the probe, need to be explored further. 

Regardless of the physical mecha- 
nism, the relative independence of posi- 
tion and quenching greatly simplifies 
the design of probes for the 5' nuclease 
PGR assay. There are three main factors 
that determine the performance of a 
double-labeled fluorescent probe in the 
5* nuclease PGR assay. The first factor is 
the degree of quenching observed in the 
intact probe. This is characterized by the 
value of RQ", which is the ratio of re- 
porter to quencher fluorescent emis- 
sions for a no template control PGR. In- 
fluences on the value of RQ" include 
the particular reporter and quencher 
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mM Mg 

FIGURE 3 Effect of Mg^^concentration oiTRQ ratio for the Al seties of probes. The fluoresceace 
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mw 
Tris-HCI {pH 8.3), 50 mM KCl, and varying amounts (0-10 mM) of MgCiz. The calculated RQ 
ratios (518 nm intensity divided by 582 nra intensity) are plotted vs. MgCl2 concentration (mM 
Mg). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 

• context effects, presence of structure oi 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe r^. presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DMA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter arid quencher 
dyes drastically reduce the cleavage of 
probe/*^ 

The rise in RQ" values for the Al se- 
ries of probes seems to indicate that the 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
hig is observed for probe A 1^1 9 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end {Al-26). This is 
understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 

•quencher at the 3' end is freer to adopt 
Iconformations close to the 5' reporter 
dye than Is an internally placed 
quencher. For the other three sets of 



probes, the interpretation of RQ~ values 
Is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" than the In- 
ternal TAMRA probe. For the P2 pair, 
both probes have about the same RQ" 
value. For the P5 probes, the RQ" for the 
3' probe is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenched reporter can have a large ef- 
fect on RQ". 

Although there may be a modest ef- 
fect on degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiericy of 
probe cleavage. The most drastic effect is 
observed with probe A 1-2, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. For the A3, P2, and PS 
probesi ARQ is much greater for the 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ does 
not increase when the quencher is 
placed closer to the 3' end. This illus- 
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trates the Importance of being able to 
use probes with a quencher on the 3' 
end in the 5' nuclease PGR assay. In this 
assay, an increase in the intensity of re- 
porter fluorescence is observed only 
when the probe is cleaved between the 
reporter and quencher dyes. By placing 
the reporter and quencher dyes on the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs will be 
detected. When the quencher is attached 
to an Internal nucleotide, sometimes the 
probe works well (Al-7) and other times 
not so well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is being cleaved 3' to 
the quencher rather than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of PGR prod- 
uct in the S' nuclease PGR assay is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
end may also provide a slight benefit in 
terms of hybridization efficiency. The 
presence of a quencher attached to an 
internal nucleotide might be expected to 
disrupt base-pairing and reduce the 
of a probe. In fact, a 2*'C^3'*C reduction 
in has been observed for two probes 
with internally attached TAMRAs/^^ This 
disruptive effect would be minimized by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of Increased cleav- 
age and hybridization efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with intenially labeled probes. This, tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PGR 
is less sensitive to alterations in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. Lee 
et al.^*^ demonstrated that ailele-spedfic 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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the S' end and were designed so that any 
mismatches were between the reporter 
and quencher. Increasing the distance 
between reporter and quencher would 
lessen the disruptive effect of mis- 
matches and allow cleavage of the probe 
on the incorrect target. Thus, probes 
with a quencher attached to an internal 
nucleotide may still be useful for allelic 
discrimination. 

In this study loss of quenching upon 
hybridization was used to show that 
quenching by a 3' TAMRA is dependent 
on the flexibility of a single-stranded oli- 
gonucleotide. The inaease in reporter 
fluorescence intensity, though, could 
also be used to determine whether hy- 
bridization has occurred or not Thus, 
oligonucleotides with reporter and 
quencher dyes attached at opposite ends 
should also be useful as hybridization 
probes. The ability to detea hybridiza- 
tion in real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could be 
used to develop homogeneous hybrid- 
ization assays for diagnostics or other ap- 
plications. Bagwell et al.^'*^^ describe just 
this type of homogeneous assay where 
hybridization of a probe causes an In- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that requires add- 
ing nucleotides to both ends of the 
probe sequence to form two Imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a reporter dye to one end of an oligonu- 
cleotide and a quencher dye to the other 
end generates a fluorogenic probe that 
can detect hybridization or PGR aihplifi- 
cation. 
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Wc have developed a novel "real time" quamUailve PCR mcihod. The method meacures FCR piXDcltin 
accumulation throiiBli ^ duaMabelcd nuoiogenlc probe (Lc, TaqMan Prolw). This method provides very 
^cairare ;\nd reproducible qiinntUation of gene copies. Unlike odier quantilallVfe PCR mcihods, rcal-lime rCR 
does nor require posi-PCR sample handling; prevendng potential PGR product carryover concamlnaiion and 
resulting In much faster and higher throughput assays. The reaMhnt PCR method has a very large dynamic 
ranjje of starting target molecule deierwlnntlon (at least five orders of magnitude). Real-llme quaniliarlvc 
PCR i>' txiremcly accurate and less-lahor-intenslve than airrenc quaniitativp PCR methods. 



QuantitaUvc nudeic acid sequence <nialysjs has 
iiad an imporlnnt rolfe in miiuy fields of biologi- 
cal rcscnreh. Mcasuicincni of gt'iJ^f- oxpresslon 
(UNA) has b««n u<^d extensively In n)ouHoring 
biological respons<?s to various slimuli (Vnu et al. 
1991; HuaiiR ei ai. 1995a,)); Pfud'honmic (?t al. 
1995), Quantitative gfUi* analysis (\')^A) has 
JH cn used Ui U«i ermine the ijCCTionK* ^juauliiy of a 
|.>articular gene, as in tlu: case oMtie human y{KR2 
gene, w}>lch Is amplified in -30% of breast tu- 
mors (Slamon i:t al. 1987). CJcne and gcnomi* 
quantitation (DNA and UNA) also have been tised 
for analysis of human iniimmodcficiency virus 
(lUV) burden dcmonstrnllng changes in the lev- 
els of virus thnmghoui the different phases of the 
disease (Connor ttt al. 1993; Platak et al, J9v:$h; 
l-urtado ©I al. 1995). 

Many methods have been described for thi: 
quantitative analysis ot nucleic acid sequences 
(both for RNA and DNA; Southern 19/6; Sharp ci 
al. 1980; Thoniiis l9Kf))- Recently, PCK lias 
proven to bt' a powerful tool for quantnailvc 
nucleic acid anal^'sis. PCR and reverse trajwcrlp- 
tasi: (KT)-PC.R have permitted the analysis of 
minimal stitrting quantities of nucleic acid (as 
little as one tell equivalent). This has mode ])os- 
slble many experiments that could not hove been 
performed with traditional im/thods. Although 
PCR has provided a powerful tool; it is imperative 



that h be u:>eU piopcrJy for quontiUiilon (UMny- 
maekers 1995). Many early reports of quantita- 
tive PCK and IVP-PCR described (juantitotion of 
the PCR |)roduct but did not measure the initial 
target setjuence quantity. It is essenliaJ to design 
]>roi>er controls fc;r the quantitation of the initial 
target sequences (Pcrrc 1992; OcTnentl ei al. 

Kes*:iirchcxs have, developed several methods 
of quantitative PCR and UT-PCU, One approach 
measures PCK product quantity in the l<Jg phase 
of the reuctinn before the plateau (Kellogg et al. 
1990; Pang ct al, 1990). This meihocl requires 
iJiai each san»plc has equal Input amounts of 
nucleic atid and that each stimjjle under analysis 
ampllf)e-s witlj identical efficiency up to the point 
of quuuiitiitivc analysis. A gene sequence (con- 
tained in iill samples at relatively constant quan- 
ti^li^s, such as p-«ctln) can be used for samj)le. 
itoiljIiTication efficiency normalizati<»n. Usiny 
conventional methods of Pc;u detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely lahorious to a^isuie 
that all samples are analyzed diiring the log phase 
of the rcaci^ion (for IxMh the target gene and the 
normalization gene), Anoiiier mctliod^ quantlta* 
tive competitive (QC)-PC:R, has been developed 
and <s tiscd widely for VCK quantitation. CJCM'CR 
rrlics on the inclusion of an internal control 
competitor u) each leacilon (Becker-Andre 1991; 
Platak ft ob 1993«,1>)- I'be cfflcioncy of each re- 
act Jon Is normal ii«nJ to tbr. Sntcrnol competitor. 
A ifiinwn ^iT(f)unt cjf IntwnaJ comt>clitor Can be 
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add^d \ci each Kumplo. T<» ohlain rcl^livc n^^ni- 
totlon, tho unknown larget I'CR prcKliirt is cduu 
pi-^rctl with the known coinpclik>i i'C.U product. 
Success uf a quaiMHatlvc cuuipciilivc TCU assay 
reliei on acvcloplngan intcnutl a;mrt>I Uinl am- 
l»)irii-:s with ihc snmc efffdency as the iun;vi juoI- 
cvulc. J hc design of xuv ci>iupcxiti>j «iiU ihc vn)i- 
Oailon of am J) I If] cation cfficicjieie* jcquirc n 
Uedlcalcd cffoxL Hovyevci', because Q( /-rc:H d<H»» 
not rccjiiJrv: lli^at PC'U jxtKha'ts be onjilyvxtd during 
the Joj; phnM* uf iiiupliricaiion, it Js tlu: <u»slor 
<.»r (he I wo met hod 5 to u^v. 

Scver^]! dt«t<fC'tUin Kyiiiciii^ uic UM.:d fcij quun 
tltativy vex and U'l-rCU anttlysis; (1) ujiiirtxic 
jJlC'hi (2) /luorc^t-xriil VaMlti^ «if K;U products nnd 
dclccilon >vilh litnitT-hKiiKird fluurcAcvncc vising 
capiMtiry clf.t:trophoTi:»ia (htiNco QX al. 1995; Wil- 
liams ci 199r?) t)r acrylaiuKic jjvls, jukI (3> jihiic 
cnpturt* and .sandwkli proLn: liybriJi/.Hllott (Mul- 
der el al. 1994). Althouj^!l these IJICOuhIn ]m»vrd 
SUCCessfuJ, each merlioU requires pobl-l*CU ttm- 
tiipvilarlons that add rlrn« to the iuialyMb iuKl 
oi«y lead to Jiibuiuluiy i iJiiiniriiiiation. I'hc 
sample ihruLighpiit u( Uioc iiirlli(Kl> i> 11 jn I led 
(w((J^ Ihtr i-xc.cpllon of the pl«tc capture «p- 
proaeli)* «"<l* tlu:ri:f(?Tr., these inclbtKU ore not 
well >uUrd fiM UM,-^ deniiindin^ bigh snmplc 
ThrouK^put (I.e., .scTcenln^ of hir^e niinibers of 
liUuuwl^uIo KH aiiuly/.lil^ .S«Mnplv:» l\« diagxiuct- 

llwc wv r<:|3f>rt tlu: <lcvctl(>pnu'nt t>r a novel 
ii-ssay for (juanlitative. DNA analy.'il.'). The assay is 
ljf»s»vd on <h<t u:«r. of lh« nucIfttAc assay firat 
described by Holbrnd et al. (1991). 'Die )iJvlliod 
Mst'^ tlH- 5' !>uclc^,sc fliMivliy of 'l\uf pt/lyjnc.ftt.to lo 
irlcavc a noncxtcndlbic hybridi/jujoii probe dur- 
\tyfi, t>ir r?<tcii.sion plioar of VCK. 'Du: npprofurh 
uses dvinl-IiibcJcd fluoro^jenic hybridi/.atlon 
probes (Lcc ct n), ]993; nt**slcr ct id. 1993; l.lvaU 
cl id, j99f>o,V>), One fluorcscviit Jyv :*vrvv.3 «,s n 
reporlcr |FAM (i.e., ^-carboxyfluorvdvein)! and ils 
emission spccirii is quenched by tlic second fluo- 
r<;scrnt dye., TAMf^A (l.rt., <5-carboxy-ietrAmcthyI- 
1 hodaminc). Hie nucleate degradation of the hy- 
brkH/utlon probt rclvascs the quciicliiuj; vi llle 
TAM fluorescent einissUui; re^^uUirij; in an )n- 
^Tease in peik fluoresccnl emission at SJtl xiin, 
I Jie use Of (1 sequence detector (AlU Prism) allows 
mcasuicineni of fluure^u:t!nT Npecim ol all 96 wells 
uf the ihcrmal cycler contlnuomly during tl»e 
rC:K ampllll cation. Trtcrefnre, ihe reuelion> uje 
inoTiUorcxI in real lime, TJic. output data Is de- 
scribed and quuntlTutlve unalysh u( input t*4i>;ci 
I )NA sequences 15 disctissed beu»v. 



RESUIT?; 



PCR Product Dcrecrlon in R«al Time 

The ^oid wax in dovoJop a high-througbpul, lon- 
^itiv^?, ftn<l neeuralc gene qn;inlb;itlon assay for 
u5e In moidtoring lipid mediated thftrapCUTic 
gene tIc-Hve.ry. A plasm Id imcoding human factor 
V)ll gciie .tcKjuftoce, pl-STM (sec Mclbods). was 
u.sod as a model t!K:ra]>ciUie k*^-'^*- assay usr^ 
fluorescent Taqman inolhodology and an instru- 
moni c;ij3able of moaejiiriny flijoroscenco in rc;il 
tiinc (ABl Prism 7700 Sequence TViccIot). llu; 
■i'cK] n»;*n reaction requires a hybridisation pmhr 
lalx;k*d with two different fluoreticcnt dyes. Ol^^^ 
dye is a reporter dy« (l-AM), the otbcv i.t :f qtjcnch- 
inj; dye (TAMRA). When the prMln; ts in lad, fluo- 
tescent energy transfer occurs tinx.1 the report or 
dye fhiore^c'.i^nt emission is nbsofbcd by the 
qiicncJilng dye (TAMRA). During Die extenf;ion 
phai?o of the rc:K cycle, th<* fliiorcscent hybrid- 
l/.;]|it>ii fifohc is cleaved by the 5'-'^* nucleo!ytic 
octJvity f>f thr DNA polymcrosc. On cleavage of 
the probe, the reporter dye emission is n<» 1*»h>»er 
transferred cfficfcntly to tJ>e cjuonohing dye, re 
siiJtinx b> cni hi crease of tho report or dy« fluorcfc- 
ceiit cJiitxHliJii **p^fretra. PCU (.>ri»ncr.s und probuN 
VYcre <Jvr»i^tu:il ft>i ihtf Jiujnan foctor VllJ se- 
quence and human p-actln jjene (ns di-..ieril>ed in 
Mcthod:(): Opiiaiization reactions were per- 
formed Uf ciioose the appropriate probe und 
magnesium concenirntion* yielding the hi^l"'^* 
Inlt^n.'ihy of repoitcr fluorescent si^mil without 
savrlfJcinj; specincity. The Inst rum on! uses a 
chhrj<t>coijplc.d device (i.e., CCD camera) for 
mca3urln{5 ^^^^ fluorescent einiaslon apectni fron» 
.'iOO t<» ^^50 nm. l-ach V<:n tube was n^onitored 
M*quvnti«lly ft^r 2f> in.stre: whh conlInut:»MS monl- 
torinjc; lhroU(;t»OUt the amplificuiit^n. lieich lube 
wo.t rr.-<:xandncd every ?»ce. <'onjputcr soft- 
ware, w:\s dtusi^ned U» exairiinr the orescent hi- 
tensity of both the re]K?ric.r <iye (l-AM) And 
the quenching dye {l AMIlA). 'J'hc lluure?iccnt 
irjtensity of the quencJdng dye, 'PAMUA, changes 
very llult*. over the course of the PCR an>i>lifK 
cation (data not shown). Therefore, the Intensity 
of TAMUA dye emission serves hs an internal 
.^looiJard with which to nor»nu!|yxj the reporter 
Oyt: (I-AM) cjTilsslon vnriations. Hie software eal- 
culal».*> a vcituv termed AKn (or ARQ) usln^; the 
folJowlni; equation: ARn - (Un^) (Rn"), wlicre 
Kn^ . erni.Sslun intensity of ieporier/en'>issic>ii in- 
teiisity of qutfoehcr ai nny given I hue In a reac 
ttoii tube, and Rn -emission jtdtmsilily of re- 
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poniT/omls.slon )nu*niiiy uf quencher mcnsnrcd 
prior to l*CK itni]?Iilicatu>ii in Ih.nr same HMcniou 
tube. I'or tlie purpose of quaiitUDiUm, Uk* Idsi 
three data }iuint5 (AKilS) coUccIl-O during xY)v, ex* 
teuslOJi Step for each Vi'M cycle were analy/cd. 
The nticUH>lyiic cicj^radaruni of ihc Myi;mli/-ition 
probe oc:aif5 (luring ihe extciisiUM phas«" of i't^^it, 
and, thi:rffore, r<ipOI*lcr /hiurcscent ciiiiaMUi* iil- 
creases during this thne. Jiu: iluw daid poimn 
were averaged for cacJi k:K cycle and ;hc iiic«n 
value f<.)r each w;i.s plotte.d in an "anipllllcatJon 
plot" shown In J^i^urc 1 A. TIic AKn mean vuhiv h 
plOlied on the j'-axis, and liine, represented hy 
cycle number, is ploitod on thv;>f-axis. During tht 
ttitrJy cycle.?; u\ the VCM ampHflcatlon, tJie ARn 



value leinainR at base )Jno When Mifficleni hy- 
bridiz-allnn probe hu$ boon clcMvcd by 11 le Trnj 
jMjIymcraite nuiMftAfie activity, the inleiisiiy of ro- 
iK^rter fj^iorc.^ccjii emisiilon lnf;reoti^'t.. Mo.M l>(:l; 
aniplifK^itions reach ;» filatcau phaNc Of reporter 
fluorcHviit orriUsfon tf the rcMcliwn Ia carru*d mil 
lo high cycle nuji»lK:is. The a/tij^IifiraUon plot \u 
examined vaiJy in (taction, tit a point IhAl 
icj>icscnts the log phasic of pruduci arqnnula» 
turn. This is done by usti(?nlng an arbiljury 
ihrcshoJd thai in b«Ncd on the van^bilily of the 
ba.s«-linc dMla. Ij) I'lgute 1 A, llic thfftshold whs sci 
»i M) .standard duviiiironN alujvc. the mean of 
Viafto line c«iis*uiii i:alculaTed froni tyule^ 1 lo 1 5. 
Ojice the threshold is chosen, ific point at which 
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Figure 1 PGR product detection in real time. {A) The Mode! 770O !»uftware will construct am plificatipn ploti 
from the extension phase fluorescent emission data collected during the PGR ampllflcalion. The standard de- 
viation is determined from the data points collected from Ittc base line of Ifie ampiification plot values are 
calculated l>y determining the point ai which the fluorescence exceeds a threshold limit (usually 10 times i he 
standard deviation of the base line). (B) Overlay ot ampllficalion plots of serially (1:2) diluted human genomic 
DNA 5«niDlcs amplified with p*actin primers, (Q Input DNA concentration of the samples plotted versus Cj. Ail 

^^Olgl gomi 20S6 091 QV^ XVd 62:^1 ZOOS/SO/cT 



From : Bn. PHONE No. : 310 472 0305 Dec. 05 2002 12:22Rn P14 



Rl Al IIMI OUANIHAHVI K:ie 



\ 



t 



the ainplificntiou plot crobftcti llu* thfC;:hold'«s tlc^. 
fined as C,. C, is rc.poricd an Ihc cycle number 
tlilK point. An will be (.lemoiistrutnd, th« t\ .value 
h picillcilve oi I he qun nitty of input t»rge.l. 

C,- Values Provide a Quantitative Hea«urcmcnt.o> 
Input Target Sequencei 

PigUfc IR shows amplification plottt of lii'diYitsK- 
Ciit PGR an^puncailons overlaid, 'H^c flmpltfi<ia- 
Hons were performed on a 1:2 serial (ll)titlorj tA". 
human genomic DNA. llie amplified torftol vv;i*. 
hiunan p actin. The amplifjc;Uion plofK nhifi to 
the right (to higher threshold cycles) nn the injnil 
lAfget qtiantily is reduced, 'llm is expected h<«. 
r:*u«« nw4ctlortK witli fv.wirr Kt-^rtln^ (v>piOK of tJie 
target molecule require greater ampUficatlon to 
degrade enou^jh probe to attiiln the rhreshold 
fluorescence. An arbitiaiy threshold of 10 stcin- 
dard dcvJalions above the base line was used to 
dutwninetheC^,.vaIue:i. Figure IC: reprcNejits the 
C:,. values plotted versus ihe xiunpJe ililution 
value. Each dilution was amplified in triplicate 
V<:\K amp hfi<vit ions and plotted as mean vahies 
with error bars representing one stondard devia- 
tion. T}ie Cr values Uccreaiic linearly wjth Increas- 
ing largel quantity. THUS, (;,• Yalui:s can be used 
as a quantitative measurement of the input targe* 
numhe.r. It should be noted that the amplifica- 
tion plot for the 15.6»nfi sainj^Ie shown In Figure 
IB does not roiltict the same fluorescent rate of 
Inpreasc exhibited by most of the other samples, 
'llic 15,6-ng sample also arhievt>s- rndiwlni pla- 
teau at a lower fluorescent value than would be 
cxjx:ctcd baNtd on the Input l>NA. This pheiuHrt- 
enon has Ixrcn obHTved. occasionally with otlier 
samples (daia not ^ihuvvn) and may be aUribnt- 
able to latft cycle inhibition; this hypothesis is 
slin under hivcstigation. It is important to note 
that the flattened slope and early plateau do not 
impact slgnlfic^iitJy the calculated value us 
dcmonsiTiitetl by the fli on t)»e line .vlu>wn )n 
Fij;;urr 1C. All triplicate amplincaiiuns result*>(I in 
very similar Cr values— the standard dtrviation 
di<l not exceed 0.5 for any dilution, this cxpcri- 

ment contains a > 3 00,000-fold range Of Input tar- 
get moletuiltts. l]$\nq Cy values for quantltaiJon 
permits a much larger assay range than directly 
using total fluorcsccju emission inlensJiy for 
quantitation. The linear range ol iluoresccni in- 
tensity mcasurwn^tiM of ihc AIM Trlsm 7700 <;c- 



m<»ntJ5 over n very l;*rJ^•e r;inj»i» of rf\-MWo ^t/trMnp, 
lartjoi (quantities. 

Sample Preparation V;ilidatlon 

several parameters influence the efiiclenry nf 
VCM umplification; magnesium and sail coiiceu* 
irations, rciictloh conditions (i.e., tinte und u.m- 
porature), PClt target size and composition, 
pnnicr sequences, and sample purity. All of Tlic 
above (actors are common to a single Villi assay, 
excejH sfample to sample puriiy, in an cff'.?rt »o 
validate (he method of sainple ))reparation for 
tlie iaclor VJll assay, PCRamphtication reprodnc- 
ibihty and olflclency ol JO replicate sample 
]>it»iKi rat ions w«n* examined. After geiKMTiir ON A 
was j>repared from ihe 10 ri=t|Jlicaio samples, Ihc 
DNA wa;? qunnlitaicd by uil/civlolcl spectroscopy. 
Amplillcatlons were performed analyzing p-aciin 
Kcni: content in 100 and Z5 )tK "f total Kunomic 
PNA. Each VCR amplification was pcrfomied in 
triplicate. Cloinpaiison of C^, values for each tri]j. 
licate .sam])ie show inlninial variation based oi\ 
standard deviation and coefficient of vari.-ince 
(labie I). :rherefore, each ol the triplicate VCM 
ainjjiifications was highly reproducible, dei non- 
Slraiing that real time PCU using this insfrumcn- 
inlion introduces minimal variation Into th(- 
quantitative. J'CK analysis. Ctomiwriiiun of the 
mean c:^ values of tht^ 10 replicate sample prepa- 
rations also showed minimal varial)ility, indicat- 
ing Ihat each sample preparation yielded similar 
results for p-actln gene quantity, rhe h/ghr^t Cy 
difference between any of the samples was 0.85 
iiin] 0.7] for the KX) and 25 n« sjnnpkrs, respcc- 
iivi^Iy. Additionally, the. amplification cjf t:at;h 
sample exhibital an equivalent raie of fluorcv- 
ccjit emission intcnsJly change per amount of 
DNA largct analyzed as indicoied by similar 
slopes derived from the sample diiutions (Pig. 2). 
Any ^sample containing an excess of a 1*C:1< inhibi- 
tor would exhii)it a greater measured 6-actin C:,- 
valuc for a given quaniJiy of DNA. in addition, 
Ihc inhibiior would be diluted along with llu! 
sample in the dilution analysis {Ki>;, ■^), altering 
the expected c;,- value change. F.ui:h .saniple nnv 
piificniion yielded a similar result in the analysis, 
dcmonslraiing (hat lljis method (if .sample prepa- 
ration is highly reproducible with regard (o 
sample purity. 

Ouantitadve Analvsis of a Plasmrd After 
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Tnbio 1, noproduclbflUty of Sivmpio PmeparAtlon Method 



Samplo 



no. 



7 
8 
9 
10 

Mean 



100 ng 



Ct 



18*24 
18.23 

18.33 

18.35 

18,^4 

18.3 

18.3 

18.42 

18.15 

18.23 

18.32 

18.4 

1838 

18.46 

18.54 

18.67 

19 

18.2B 

18.36 

18.52 

18.45 

1B.7 

18.73 

18.18 

18.3*f 

18.26 

18.42 

18.57 

1B.66 

0 10) 



10.27 0.O6 

18.17 0.0^; 

18.34 0.07 

18.23 O.OS 

18.42 Q.OA 

18.74 0,21 

18.39 0.12 

18.63 0.16 

18.29 0.1 

1fi..S5 0.12 

18.-12 0.17 



25 ng 



standard 
m^^n deviation CV 



standard 
meAn deviation 



20.48 
20.55 

0.32 20,5 20.51 0.03 
20.61 
20.59 

0,3? 20.41 ?n..^4 0.11 
20.54 
20.6 

0.36 20.49 20.54 0.06 
20.48 
20.44 

0.46 20,38 20.43 0.05 
20.68 
20.87 

0,23 20.63 20.73 0.13 
21.09 
21.04 

1.26 21.04 21.06 0,03 
20.67 
20.73 

0.66 20.65 20.68 0.04 
20.98 
20.84 

0.83 20.75 20.86 0.12 
20.46 
20.54 

0..?.^ 20.48 20..'51 0.07 
20.79 
20.78 

0.65 20.62 20.73 0.1 



0,90 



2V.66 0.19 



CV 

0.17 

0.54 

0.26 

. 0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0,94 



(or cojit;iinine a parUnl cDNA for hiinaan factor 
vni, pl-BTM. A iicrics of tri*i>>fccljonji wa.H soi 
up usln^ a ticcrcaalng amount of ihc plasmid\40; 
A, 0.3, and O.l ^g). 'rwt-.my-foof hours po.M- 
trnn.sfct tion. total Ty^^A w|t» purified (unu each 
flask of irlb. fJ-Acliii i;triic.ijud]itity wai tiio^vrii <l^ 
a vrtUir for normo1i/:^liwn of xf iiumic. HNA COn- 
ccntriiUoii fivuktrttdi sttiiiplc. hi Ihis cAptriifJK:iil* 
(i-actin K^nc conicm should rernaiu consuni 
relative to rural genomic DNA. Fl^jun- a nIiown iIjc 
re.sull of Die p-actln PNA ineasuremeni (100 jij; 
total DNA dclcrmintid by ultraviolet sptjctros- 
copy) 01 each :»(iiiiple. Katfh .^i^iplp was analyzed 
in iriplicate and the mean ji-actin C;^ values of 
the triplicates vrcre plotted (error b<irs reprcsein 



*•♦■•*"■»» Ift^rl rtM^/i ;:tf ton 1 



'I hf» hiPhf»ST (lifforrnrr 



lH»twiin.^n any iw<\ camj>lc moanK Wax U.<>S C,. Ten 
nanograms of tol;.U UNA of i^ach sample were also 
cxaiiilfic:d for p-actin. Thc rCSUlt;* Oic;uji> >)ii>wcd 
thai very similar aniounUi of genomic i>NA wore 
prc:icjit; thv maximum mean |^ actio C*;, value 
dlffcre))cc wa.s 1.0. As Tigurc 3 ahows, tlie r;itc of 
pacthi C|- diufiK^- Ixriwocn I he J 00 a fid 10- ng 
sajnplc,-* was slmlUr (iJopo valuer rang« bwtwoon 
3.56 and -3.45). ThU verifies again ih«t Ole 
Jiicthotl of .sample prcporaiion yields !;.TTrij>los of 
identical PCR integrity (i.e., no sample coot.iined 
«n CXCCSiilve ainuunt of a PCR Inhibitor). ITow- 
tivc'3, these- rt!sult:t indicate that ciuli sample eon 
talncd sUghi diffciej7ce.-s in the adufll amount of 
gL'iiumlc ONA anaJyxrd. Determination of actvial 
vc'ijujjiic ON A \ionccnt ration wos ncctmiplishcd 
90IO 20S6 09Z, 6^6 YVd 00:ST 2002/90/ST 
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Figure 2 Sofitple prepAraiion purity. The rep(ic<it<t 
i:amples shown In Table 7 woro a n\p lifted Jn 
tripicale using 25 ng ol each ONA sample. The fig- 
ui<: sliowi die input DNA conccntfotion (TOO and 
25 ng) vs. C, In ihr* fiQiirp, ih*» lOO nnd ng 
poInU ior fiach sample are connGctod by a line. 



hy jilolllng the mean (J-actio value obtained 
for cat:h lOO iig ifduiplv mm *i p-aciln slnrKl«rt3 
1.111 ve (shown In J^Sh- 40). The octuiil guuomlo 
ONA conct'iilr;i1l«"» <»f each 5miiii>K-, «^ wns ob 
laincd l>y cxlrapolflUon U> th« x-uj^li, 

rii;uro sliows Uic iiacasu red. (I.tt,, iu>A- 
nOfniOUTicd) c|ii<iii^it*v:^ /actor V])) plnsinui 
ONA (pJtSTM} fiom each of tlut four transient cell 
Irif'ijifctcdon^. K«ch rcacilon contained 100 t^g M 
lotol 5t»mj>lo DNA (lis detcrtninod by UV spinet r us- 
eojjy). V^ch sample wus uualyzeO in Iriptiirute 
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Figure $ Andlybb uf Udnsfectcd cdl DNA quonlily 
and purlly- ihc DNA preparations of ihe lour 293 
cell iransfet-iions (40, 4, 0.5, and 0.1 ixg of pFSTM) 
were analysed for the p-actin gene* 100 ^nd 10 ng 
(delcrmined by ultraviolel spectroscopy) of each 
sample were annplitied in triplicate. For each 
amount of pf 8TM that was transacted, the p-aciln 
Cj values are plotted versus the total input DNA 



aora 



VCU smipllficatioi):*. As shown, pl-BTM ptirifivd 
.fxtjjc Jbc 20H colls decrease; (m 0*1 n C, value;; in- 
eruit<i'?( with decreasing amt>inits; (if pi asm (d 
,Uua>r»*i.lcd- Thw inc»i» Ci values obtoined for 
pF^TM in TJgufC 4 A wore plotted uu ;i sUinUjrd 
curve oC'mprl.U'd ot lieiliiHy diUUcd pKHTM, 
shown .in figure 4R. TJie quanlily ul pI'KTM, h, 
found in coch of the fouf I ran fifed 1 on R was do 
(crmiiiftd by cxtrnpnlalion to the x -jixh uf the 
]iiandard curve Jn Figure 4H. Tfntsc uncorrected 
values, b, for pWJ'M were noriDxl^Aid xc> er- 
mine Uie ae1u;il amount of pl'8'l'K'f ftmnd pvr TOO 
rJH <if J5<:n<>mac ONA by u.slng I he; equation:. 

h X 10 0 nft ^ iicuaal pl-BTM copies ner 
ff ^ 100 J>8 of genomic DNA 

where ii - actual ticuoinic DNA in u sample and 
h ^ pVtVl'M copies from the standurd curve, 'II )e 
nocmidrr.cd ^uaiiiiiy of pl'BTM per 100 ng of gv- 
nomic ONA for each 6/ The four ininsfectlons Is 
Nhown In Hgure 4JJ, 'nu-.st; rouU?! Ahow vnai ihe 
quant My of factor VIU pla:>mtO ii:^H><.)uleU wuli 
tllC 2V.'J ceU!*^ 24 lir after IruiKsfve-litin, Oik ijlmSu:. 
witli Uccrcu^iiU}; ].»Ji4Nniu} ujni.imLi aUojj u.seel in 
ibc iram/rtiion, Tlu: quantity of pl-«*j'M «:^3oeJ- 
aica wJili ^93 celKs, after irunsfcctlon with 40 ixg 
of piiiKniid, was 35 pgper 100 ng {;enuinlc ONA, 
This results in -520 j^lasniid . copies per cell. 



DISCUSSION 

Wo have dci^cribcd a new n»eUiod for qua n til "i- 
iiift j^cnc copy rtumberx using real-time anulysls 
of PLR ampJlf icotltms. Real-llmc FCK is compat- 
ible with either (jf Uic two KIR (i(T-PCR) ap- 

proaclio: (1) quontllatiye con»i*t:iitivi; wlicrc an 
iiiiciJia) wiiipclkctir for each tarfjet sccjucfiix' is 
used for noTmaUxoilon (data not shown) in (2) 
qu a ntiiailve comparative PCH uiiJny ti m*iiiutlii:cv 
tion j;ciie canlained within the sample (i.e., p-nc- 
tin) ox a "housekeeping" gene for Ri-PfJK- ff 
Kqual amounts of nuclcic uoti are analy/ed for 
each sample and if ihc amplification cffi^.ir.nc.y 
before quantitative analyM:> i> identical for CHC.h 
sample, the iTiternal con I ml (iK^j niiilir^nlon ^wne 
or competit(jr) should rIvc equal M^nals for flIJ 
jtar^iplcs. 

The real-time PCM me(ho<l <;ffcrs scvcnil ;id- 
viuitaftc.^ over the oihicr two mclhcKls currently 
employed (see Ibc tntroducljon). First, the real- 
time PCJR mettiod is performed in a doscd-tubc 
system and requires no post-PCIR manipulation 
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F o>"^« 4 OMl»ntlt3tivo flnoIyKk of pFSTM in Iransfccicd ccH-.. Amount of 
plasmid DNA uicci for the irunsfeciloii ploTtccI ag^iinsl Uic meun C, value deter- 
"lort fn'^^. rcmalnJny ;>>f hr Mtcr UiinsJoction. (£J,Q Standard Oirvr^ of 
pr.KIM ^'^c' p-^ctln, respectively. pfQTM DNA (0) OMd gcnorrur. (>NA (Q virere 
dlluM <ArIally 1 :5 bdor^ ^mpliflcMlcn wJih the oppropnntc primers. T>,c B-actin 
TU '^'"'''^ """^ riorn>al.>o iKc results of A to 1 00 riy of qenomic DNA. 
(0> The amount of prSTM present pur 100 ng of genomic DNA, 



of x^iinplc. TbcrofotG, (lu* iw>tcntj«) for rCH coji- 
*;in>In,-)(jc>ii in ihc Iaht>r;it<iry is icduccci bcCilUNC 
ainplUlcJ produciK cam Jm* ;iualy-/.t'0 and disposed 
of wJtJuMjt opening tho ruuaion lubvs. St»cond» 
this method suppojt^ um: t>f a tuiruijilixiitJun 
Konc (i.e., p-fidin) for quaTUitaiivi*. PGR orhou5c- 
J^ccping gcne5 for tj^i^,n(it«t*vc RT-l'CK controls. 
Analysis Js perforn.cO h) rcaJ time during the iog 
phase of product accumulation. Analysis durWij> 
KiK phusi: permits niAi>y dif/vrciit ^;eiK-s (ovci « 
wide inpiii largrt T.m^c) (o be anaJy^rd .slnvuiia- 
n<Hni5ly, wJthoot concern of rc«c'hiuR rcnctton 
pliiicnu at different cycle*, lliis will make jjiuJll- 
^cnc atialysSs asiaya much c:tt.'%U':i iw develop, be- 
Cftuac individual mtcfijul uimpciUui^ will nul bc 
jucdcd for cflch gene vnidcr aFi«Jy»lx Third, 
^<tinplc throtJghput will uiLicdNc OrtniiaUc^iJly 
with the ncv^ method Ixcausc there h no poM. 
r(.:K pir)cc:(sing time. Addilionally, winking In a 
06-wd\ foruidt l« highly ct>in])atible with auto- 
niiition iechnolo^y. 

The rcHi-tiuK' 1>CR iDclllOd is higlily repro- 
ducibk. RcpMcaic amplifications can be auiilyzeU 



for c-neh s,'implc oUnln^l^Jnt; ])otcini«l <?rr<jr. I ho. 
.systitiTi ;illowK u>r a very large ussuy dynamic 
runj^o (apprciacliiij^ l,OO0,(M>0-fold Miirthlg tiii- 
licl). UwliiK u Ntajtdord curve for ihc torgcl ol iii- 
tcrvM, rchitJve copy numtx-r value:* can be deter- 
mined for any unkjiuwji .>aiiiplc. Huoroceni 
Ihreshold vnJuci, c;,v courJair. linciirly with rela- 
tive DNA copy numbers. Real time quaniJlctlivtr 
K'r-rCK mcihodokjf;y (O'lbNon el al., ihia l.wuft) 
ha^ aMo bcftn ditveilopcd, J^iniilly, real time qudn- 
tifotivc PCU mcth<K)uIogy can be uicd (udcvcJup 
hiph-throu^hput jcrccnhig awayM for n variety of 
oppJicatlon.^ fquanUmtlvc gene CApjcaaiuu (KT- 
rCn)i Kenc copy n.-*:iay5 (ricr^, niV, etc.), gcni> 
typinft (knockout mou^c anidysia), and lmmuiit>- 

ncnj. 

kciil-tnne TCW lUixy al.^o he performer! using 
intercoJiifing dycis (Higuohi ci al. such «5 

c-iJvldiinTi bromide. The fluorogenic probe, 
method offers a major advantage over intc.r- 
calaiiny dyes - greater upcciflcity (i.e./ primer 
dlmvrs and nvospedflc PCR producl.s art: noi de- 
lf*vied). 
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METHODS 

Gencratloii of <i flasmid Conlalnlng » Partial 
cDNA for Human Factor YIII 

roVM RNA Wd4 hiifvcMctl (UNAvM U IH rcst, Inc., 

J-rH-"dSV\'OOd, TX) /ruiu ii^nAfcclwl wiOi a (nctor Vlll 

ex)»rtrMslun vector. pC:iS2.«i?,&li (Kxiion cl Jtl. IVHG; Cot. 
mnn ri al. 1990), A factor VIII |»afllal cDNA *.rfi»jr?)iy WttS 
y^fivrnUiA l>y IH' I'f :U KCoiicAiup I'l'lh UNA l»ni Kll 

(pan NW>K-<n7y, rhAppint) biosysicms, C'liy, t^Ajj 

Mrc aitown below). *r!ii' ampHcoii was reaiiiiiUfuO aAlng 
iiKHMficU I't^fOf and l^rcv pjfmcf J ^(»]iix'iuUh3 with hamW 
4»nd H/frcIlH rc$l/lclion Mtc st-qucncrs hi *J»v y cn<I| nml 
clonal l"to jXiliM- 3Z (IVoitK'iiiJ CU>rp,, MuiUhou, Wl). rUo 
rcsulltnKclfmr, pPSTM, was awtl lortfhnsicitt transfccilon 



Amplificailorj of Target DNA <iml Duitcilon of 
Amplicon Factor VIII Wasmid DNA 

(pFHTM) was aini7llfu%l wlih tliv ifiii»»t-i> VMug r>'-<:<;<:- 

crr(i<;<:AAUAu:jtjAt:iiiCn'C.3' and i*tiK-v .s'-aaacci-- 

^;ACCCrc?GATCi(r» ACiCi-3M1ic rvnciUtJ* |iivUin.rvl «» 

k:k product. 'I'iic forward priimT wa> dv>l);iivO tw la* 
ogiiUc It uiiliiui' M'tpn'Mir Antiid lu ihc un(rdiUliM<^ 
rejjKHi ni IIk; pniviil pClS2.tKZdl> ti|(j>rMHl fitul l(u:icf«fc 
cluv5 not K'vuHiiUv: 4tM(i ttiupltfy iIk- iKinitiO f<*c*"r Vlll 
gcfn*. I'rimorfi woro choKOii with tho av»i¥t;t"rf' of I ho com- 
puter proKfiim C>IiK<» I*" (Naltufiiil Uiiwcionct's, In v.. Ply. 
mouth, WN), The luunan p-acti" ^yuv wns ainpUflcd wllh 
llic i>rliin:i*> fi-m-lii* {itrwnul primer 5* T<JAC0^.1A<.'A< rr( IT 
GCCCA1XrrAC:C';A-3* and H-uciin jvwrsQ [turner S'.(:A( I. 

CGGAACCX;frr(:Aric;c:c:AAiGG-3'. The reacilon pro- 

auCCO a 2V5 hp vCM prfKloct. 

Amplification fc:iciions (SO ^I) cojuaiiU'O « ON A 
sample. U>x I'CU Kuffv.r II (S p.)), 200 vlM ilATl', dCril', 
<lG'iT, flnd 400 iiM rtinp, 4 mim MgCl^, l.^'^S Ui>ll.<( AmpJl 
7n</ r;NA pojymciasc, 0,5 unit Ainprjrpsc iirflcU N-ftly- 
«».iylu)«c (UMC), £0 pmolc of cnch facloi Vlll jiiIiiki, wfid 15 
it{ iiucli p ACtIr) pilinCfr. 7l)<f ica^ ttotVfw alMi inmlatncd 
one of Xht: foMp^lnj^ dt'UTtUnt prohrs (WM) iiM nirli): 

)'t»prt.iif f»'(VAU)AacrnryciaArxvv<ic:n'i:rrvcAx:r- 

GCCTT(TAMRA)p 3' aiui p-nctin prwU* 5' (rAM)ATGf.X:c:- 
X(TAMKA)CCCC:r:AT0t":C:ATCp-3' wl.crc p indicates 
pl>o»phnrylAli4Mi nrtd X indlcotc.? a linker arm nucUK)tide. 
RcocUcni IuIh.*.% wrn* MtcruAn^p Opiiont Tulx-s (part ftUnfJ- 
iuT NkOl OO'ta, rorWn lUniur) thai wore froi;totl (Ml IVrl;ln 
F-lnicr) to prcvcnl li^lit lioiij /cflcclln^;. Titlic cop^ wero 
&lmiJM' In MitToAmp C:bj>3 Ixil spec t Ally dcjjfliicd lo pre- 
Ycm ll;;ln »v.«tKTiiH(. All <il Ui<- Vi'M iUMimiTU(tl>U'» wcro (Hi>»- 
pl;^:a 1>y pi: Applied iUodynUiitti (l-o*lor TWy, CA) cxeepl 
Iht* furior Vlll prliiitfru, wlik'l> wrir sy m tilths ly.rti iU Gcncn 
Iccli, Inc. (SouO) Francisco, CA). Prohov wt-rf desl^nwl 
using the Oljj;r.T 4.0 .v>ftworc, foIIuwinR giiliU'lIncv mm- 

iicsieo in inc Motk'I 7 7fKi .sequence lH'urti>r In.'^mum'iii 
iiiaiiual. hrle.ny, protje T,„ iliniiUl he Al IciiM S^C |jlf;l*rr 
IhHll t)if annwilliix HfiiipvirtUirc u.icd during; ll»rrtntjl cy- 
rling; prhiierii should iioi Untt* M<ihlv duplcxcft' willi ihr 
pfohr. 

The Ihcnijol *'yrI1ng coiidilloivs Included 1 luUt ftl 
50"Ci«d 10 mill al 9S"C. *nirj-ti»al cycling prorrrdrd with 



rcaclioai; wore |M;rfoiuivd i»» (he MofU«l 77(MKSeciuena' IV- 
UtKjf (rU Applied Itiosysluuiv), whlrh conlaluv -a Gm* - 
Amp l*< ;U .SyMvni V)0O(>. U<;at:llon cx.niClitiO"^ w«.rf. pio- 
(^ruiiniieU ij" .1 I'liwor Mnciitti'^h V10(i (Apple f.>,in»pii(pr, 
Soma Claru, c;a) linked djfx'cdy to the Model VVdA 
quciuv Dtiiffclor. An;*ly*** "^^^^-^ \***r<tum*'i\ nn 

thv Mni Mtosh cHJmp\iU*T. f *rtll«rtl<)ii and Hiialycic Koftwiiro 
w»K dovoloiwd Hi PK Applied lUosysluins. 



Traiufection of Cclh with ractor Vlll Q>iutruci 

JVmr r}7S flasks of 293 cells (ATGC CM\. 1573), Hmn.in 
feiol kUincy sutipviifiion cell lln*f* wvre H"»wn lo fiO%.con- 
(luency Artd tranifcclvd pl ffl M. Cells were grown in tliv* 
toIlHwIiig incdln; S0% HAM'S. HI 2 wilhrnil GMT, 50% ImM 
j;}uco5c' PnJlK<x.i>'y iiujdiflcd Kaj<lcirH'ditiiM (l^MI'.M) wltJi- 
oiii Rlyriiu: wiUi acxlluni bicarhnnatc, 10% Icial tKmne 
serum, 2 him i.-i{lul<iioii)c, A^d 1% pcnidlliii-^trcpUimy- 
llo, I hc media w« dunged 30 niin l>cf^»rt- I he Iransfcc 
lioii< pPUTM DNA Amounts of 40, 4, CS, and 0.1 m-U ^ero 
tiUtU.'(l lu 1..S ml of ft soUiOon a'>nialnlnR OAZS m f:aCI;; 
nnd 1 X IllCI'liS, The four mixhm*.n were left at rtK»n tern- 
l-K-mMri* ffii in mln ond \i\vi\ iKMvd driipwUi* U> tho cclli'. 
TJic n*i*li> ^vii*.;iii.uUalov1 at 37''C an*i MO. for 24 hr. 
wiijihed wHh PUS, »-»»icj roAu^pcndcd In PUS. Tho tesnn 
in-iuK;d ccrll.^ were divided inU> t*lup«>l'* ^iid DNA wfti cv- 
tTHcted hnincUiutcly itviiiK Ihv QIAuiiip KIhihI Kit (Qi^ipen, 
<aiat.iYyvrti;, OA). DNA wos cluled Into 200 of 20 r..M 
TrU-IICl ul pIlH.O/ 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP^l and W75/'-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third delated gene, 
WfSP-3i these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included (i) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracylihe repressible promoter, and (it) Wnt-1 transgenic 
mice. The WlSP-l gene was localized to human chromosome 
8q24.1-8q24 J. WISP-l genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to >30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WTSP-J 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to >40.-fold) in 63% of the colon tumors analyzed, 
in contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to >30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3)3 (GSK-3/3) resulting in an increase in 
j3-catenin levels. Stabilized )3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and- binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (A PC) tumor suppressor gene 
also jDlays an important role in Wnt signaling by regulating 
0-calenin levels (9). APC is phosphorylated by GSK-3P, binds 
to )3-catenin, and facilitates its degradation. Mutations in 
either APC or p-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnl have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related 3 gene, XnrS, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoidj twin {Xtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression sublractive hybridization (SSH) (U), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and refractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned thai genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-I 
and W!SP'2, and a.third related gene, WISP-J. The H^/5P genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
. Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor, CTGF, connective 
tissue growth factor; SSH, suppression subtraaive hybridization; 
VAVC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF100781). 
iTo whom reprint requests should be addressed, e-mail: diane@genc. 
com. 
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cDNA was synthesized from 2 fig of polyCA)"" RNA isolated 
from the C57MG/WnM cell line and driver cDNA from 2 fig 
of poIy(A)* RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WISF'l were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids. 128-169. Clones encoding full-length human WISP-l 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
coding full-length mouse and human WISP-I were isolated by 
screening a C57MG/Wnt-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WJSP'3 were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PGR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 fxM of each dNTP at 
94**C for 1 sec, 62*'C for 30 sec, 72X for 1 min, for 22-32 cycles. 
, and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In SUu Hybridization. ^^P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PGR product corre- 
sponding to nucleotides 601-1440 of mouse WlSP-1 or a 
294-bp PGR product corresponding to nucleotides 82-375 of 
mouse WISP'2, All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford 03 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PGR-ampiified, and the results 
were submitted to the Stanford or Massachusetts institute of 
Technology web servers. 

Cell Lines^ Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocar.cinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation fluorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WlSPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PGR. Gene-specific primers and 
fiuorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2(Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
a-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The iy/5/^-specific signal was 
normalized to that of the glyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-l and WISP-Z by SSH. To identify Wnt- 
l-inducib!e genes, wc used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wni-1 (11), Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WlSP-1 and WlSP-2, were differentially 
expressed, being induced in the C57MG/Wnl-1 cell line, but 
not in the parent C57MG cells or G57MG cells overexpressing 
Wnt-4 (Fig, 1 A and fl). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on p-catenin levels (13, 14). Expression of WlSP-l was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
WISP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-l gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-l mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these ceils at 
various times after tetracycline removal were assessed by 
quantitative PGR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WlSP-1 were isolated and the 
sequence compared with mouse WlSP-l.Tht cDNA sequences 
of mouse and human WISP-l were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of ^40,000 {Mr 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A), 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of 27,000 {M^ 21 K) (Fig. 2B). Mouse and human 
WlSP-2 are 73% identical. Human WlSP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 
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Fig. 1. WISP' J and mSP-2 are induced by VVnt-1, but not Wnt-4, 
expression in C57MG celts. Northern analysis of WISP-l (A) and 
WJSP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A)^ RNA (2 /xg) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WlSP-l-sptdfic probe 
(amino acids 278-300) or a 190-bp WISP- 2- specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human ^-actin probe. 
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FiG- 2. Encoded amino acid sequence alignment of mouse and 
human WISP-I (A) and mouse and human WJSP-2 {B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WISP-l has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-L 

Identification of WISP-3, To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WiSP-3 cDNA of 1371 bp was isolated corresponding to those 
ESTs that encode a 354raa protein with a predicted molecular 
mass of 39,293. WlSP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
' human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1. and" 32% identity with WISP-3 (Fig. 3A). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-J, WISP'2, and WISP-J are novel sequences; 
however, mouse WISP-J is the same as the recently identified 
Elm I gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP'2 are homologous to the recently 
described rat gene, rCop-l (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotaclic and mitogen ic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that prorriotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, similarity to Wnt-L All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix, 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. W) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. {A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WlSP-2 that are not 
present in WISP-3 are indicated with a dot. {B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot, (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLO^^TECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WlSP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
lacking the IGF-BP domain is oncogenic (23), The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerizaiion (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3/4 and B). 
A short variable region follows the VWC domain. The third 
module,' the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerizatiori and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transrnembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown),. 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WISP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WiSP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISP-3 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-l. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D), However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WlSP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 




Fig. 4. (/I, C, £, and C) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnl-1 transgenic mice. The correspond- 
ing dark-freid images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power {A and B), 
expression of H^SP-J is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E~H^ At low 
power (E and F), expression of .WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these ceils 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-I was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WlSP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary, fine 
mapping indicates that WlSP-1 is located near D8SI712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM21l2e5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-I resides in the same 
generaf chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and,, if so, 
whether this amplification was independent of the c-m>'c locus. 
Genomic DNA from human colon cancer cell lines was 
assessed by quantitative PGR and Southern blot analysis. (Fig. 
SA and B), Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PGR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-l in about 60% of the tumors and 2- to 4-fold 
for WlSP-2 in 92% of the tumors {P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one {P - 
0.166). In addition, the copy number oi WISP-2 was signifi- 
cantly higher than that of WISP-I {P < 0.001), 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 6. Genomic amplification of ^SP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PGR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PGR (Fig. 7). The level of WISP-l 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-foId) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WlSP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-I, WlSP-3 RNAwasoverexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
rqlalive to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means i SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-l. 

Three of the genes isolated, WISP- 2, WISP-2, and WISP-S, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61,.and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-l. 
The first was C57MG cells infected with a Wnt- 1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracyline-repressible promoter, and the second was in 
Wnt-l transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., )3-catenin-TCF-l/Lefl). The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WlSP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WlSP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-)3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WlSP-1 and WISP-3 may exist as dimers, whereas WlSP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, .WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a^jii serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-i and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
- tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-^l, which is the stimulus for 
stromal proliferation (34). TGF-)31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WlSP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply. WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WlSP-l 
and IVISF'2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISF-I gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
WISP'3 RNA was seen in. the absence of DNA amplification. 
In contrast, WJSP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
W!SP*-2 was localized to chromosome 20ql2-20ql3, at a region, 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-l, the rat orthologue of 
WISP'2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
lVISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WlSP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the W!SP genes 
are aberrantly expressed in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and p-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic p-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WlSPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WiSFs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifjca-/ 
tion and altered expression patterns of the WlSPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. . 
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methods. Peptides AENK or AEQK re dissolved in water, made isotonic with 
NaCI and diluted into RPMl growth medium. T-cell-proliferation assays were 
done essentially as described'"^'. Briefly, after antigen pulsing (30p.gmr' 
TTCF) with tetrapeptides {l-2mgmr'). PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration of 0,1 M and the cells were washed five times in RPMl 
1640 medium containing 1% PCS before co-culture with T-cell clones in 
round-bottom 96-weU microtitre plates. After 48 h, the cultures were pulsed 
with 1 M-Ci of ■*H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 p-g TTCF with 0.25 p,g 
pig kidney legumain in 500 jil 50 mM citrate buffer, pH 5.5, for 1 h at 37 "C. 
Glycopeptide digestions. The peptides HIDMEEDI, HIDN(N-glucosamine) 
EEDI and HI ONES DI, which are based on the TTCF sequence, and 
QQQHLFGSNrVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptic (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalia A chromatography". Glycopeptidcs corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 "C with 
5-50 mU ml"' pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDl-TOF mass spectrometry using a matrix of lOmgrnP' a- 
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1), 
One important role of FasL and Fas is lo mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism^ such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene v^^as amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamil/. Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, ostepprotegerin (OPG)\ 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy-terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480- 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL^ (Fig. 2a), but not to ceils transfected with 
tNF^ Apo2L/TRAlL'', Apo3L/TWEAK''\ or OPGUTRANCE/ 
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RANKL'""'^ (data not shown). DcJl3-Fc inimu no precipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFRl. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K^ — 0.8 ± 0.2 and 
l.liO.lnM. respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble-FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
^0.1 fxgmP*. Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of mature T lymphocytes, a FasL- 
dependent process'. Consistent with previous results' \ activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-actd sequences of DcR3 and of osteoprotegerin (OPG): the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysieine-rich domains (CRD 1 -4), and the A/-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
usifig the DcR3 cDNA as a probe and blots of poly(A)* RfsIA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral btood 
lymphocyte. 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanisrn involves perforin and 
granzymes'*'*"'*. Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —1 figml'^ the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in eUmination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 



150 



^ 0 
grsor— r 
u 



Vector 




FasL 



i 



0 10l 



b MriK ) Vector 
30-1 



102 103 164 
PE 

FasL 




0 10 20 30 40 50 
Fraction 



22- 



o o o o o u 

U. U. U- U_ li_ u_ 

CO CO ^ CO en 

a a: oc a ™ 

u, O U_ (J 



C Mr(K) 



3q4^_ — ^^^^^ 



o 


u. 

CO 


sFc 


Ctrl 


II 


tr 

o 


li- 




INX 


Q 








10-1 10l 103 
sFasL (oM) 



Figure 2 Interaction of DcR3 with FasL. a. 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (solid line, shaded area). TNFRl -Fc (dotted tine) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to celts transfected with FasL or pRK5. PE. phycoerythrin- 
labelled cells, b. 293 cells were transfected as in a and metabolically labelled, and 
cell supernaiants were immunoprecipitated with Fc-tagged TNFR l. DcR3 or Fas. 
c. Purified soluble FasL (sFasL) was imrriunoprecipitated with TNFR l -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane. d. Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel hltraiion; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e. Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
InseL competition of DcR3-Fc with Fas-Fc (or binding to sFasL-Flag. 
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reaction (PGR)" in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18- fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3 -based PGR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of I gastric tumour (data not shown), A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c, DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SVy480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PGR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this. 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 1 8xe7 (TI60), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAG) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAG. and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3 -linked reverse marker showed an average amplification of 
roughly threefold, slighdy. less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre* of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detea DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG^ '^ 

FasL is important in regulating the immune response; however, 
little is known about how FasL fiinction is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas". A second mechanism involves proteolytic 
shedding of FasL from the cell surface'^ DcR3 competes with Fas for 
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Rgure 3 Inhibition of FasL activity by DcR3. a, Human Jurkal T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL;. 5 ng ml'') oligomerized 
with anti-Rag antibody (0.1 ^.g ml"') in the presence o( the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGl arid assayed for apopiosis (mean ± s.e.m. of 
triplicates), b. Jurkat cells were incubated with sFasL-FIag plus anti-Fiag antibody 
as in a. in presence of Vm-Q mr' DcR3-Fc (filled circles). Fas-Fc (open circles) or 
human IgGt (triangles), and apoptosis was determined at the indicated time 
points, c* Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGl. Fas-Fc, or DcR3-Fc {10^l.g mr'). 
After 16 fi. apoptosis of CD4' celts was determined (mean * s.e.m. of results from 
Hve donors), d. Peripheral blood natural killer cells were incubated with ^'Cr- 
labelled Jurkat celts in ttie presence of DcR3-Fc (hlled circles). Fas-Fc (open 
circles) or human IgGl (triangles), and target-cell death was determined by 
release of ^'Cr (mean ± s.d. for two donors, each in triplicate). 
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Figure 4 Genomic amplification of DcR3 in tumours, a. Lung cancers, comprising 
eight adenocarcinomas (c, d. f. g. h, j, k, r), seven squamous-cell carcinomas (a. e, 
m. n. 0, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i). and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b, Colon tumours, comprising 17 adenocarcinomas. Data are 
means i s.e.m. of hve experiments done in duplicate, c. In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-held image (left) and the corresponding dark-held image 
(right) show DcR3 mRlviA over Inhltrating malignant epithelium (arrowheads). 
Adjacent non-matignant stroma (S). blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d. Average amplihcation of DcFl3 compared with amptihca- 
tion of neighbouring genomic regions (reverse and fonn/ard, Rev and Fwd). the 
DcR3-!inked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplihcation of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < O.Ot for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin-1 has been 
described". In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L". Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG\ which shares greater sequence homology with DcR3 (31%) 
than do DcRI (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR- family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response^ Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours, . □ 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650. 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-gcnerated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding 'regions of these clones were identical in size to that of 
the initial clone (data not shown). ' : 

Fc-fuslon proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFRl, was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRKS 
encoding full-length human FasL* (2 ^.g). together with pRK5 encoding CrmA 
(2M.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl -Fc and then with phycoerythrin -conjugated 
streptavidiri (GibcoBRL), and were assayed by FACS. The data were analysed by 
Kolmogoroy-Smirnov statistical analysis. There was some detectable staining 
of vector- transfected cells by DcR3-Fc; as these cells express litde FasL (data 
not shown),, it is possible that DcR3 recognized some other factor that is 
expressed constitutiyely on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
meubolically labelled with ("SJcystcine and {"S] methionine (0.5 mCi; 
Amcrsham). After 16 h of culture in the presence of z-VAD-frnk (10|xM), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl -Fc 
(5(xg), followed by protein A-Sepharosc (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000)- 
Alternatively, purified. Flag-tagged soluble FasL ( I jtg) (Alexis) was incubated 
with each Fc-ftision protein (1 jrg), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25 fig) was 
incubated with buffer or with DcR3-Fc (40 fxg) for 1 .5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-mI fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 yA aliquots into microtitre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the' column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3-Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL Bound ligand was delected with anti- 
Flag antibody as above. In the competition assay. Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AlCO. CD3* lymphocytes were isolated fi^om peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2p.gml"') for 24 h, and cultured' 
in the presence of interIeukin-2 ( 100 U ml"') for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later.by FACS analysis of anncxin-V-binding of CD4* cells". 
Natural killer cell activity. Natural killer cells were isolated ft-om peripheraJ 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16 h with *'Cr-loaded Jurkat cells at an cffector- 
to-target ratio of 1:1 in the presence of DcR3-Fc. Fas-Fc or human IgGl. 
Target-cell death was determined by release of -'Cr in effector-target co- 
cultures relative to release of ^'Cr by detergent lysis of equal numbers of Jurkat 
ceUs. 

Gene-ampliffcation analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirkc (colon tumours). Genomic DMA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR'* 
using a TaqMan instrument ( ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAG 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM2I8xe7 (T160). which is 
linked to DcR3 (likelihood score = 5.4), SHGe-36268 (T159). the nearest 
available marker which maps to ~500 kilobases fi-om T160. and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5' -fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2'^^', where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes*. The recently completed Escherichia coU genome 
sequence revealed that the largest family of paralogous E co/i 
proteins is composed of ABC transporters^. Many eukaryotic 
proteins of medical significance belong to this 'family» such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated 'with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from' Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC trarisporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and £ co/i''^"" is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMp2, 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM*. The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis^ the requirement for both subunits to be present for 
activit/, and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimeP. HisP has been purified 
and characterized in an active soluble form^ which can be recon- 
stituted into a fully active membrane-bound complex". 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L' with two thick arms (arm I and arm 11); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (p3 and p8-3l2) spans both arms of the L, with a domain of a 
a- plus 3-type structure Ol, p2, p4-p7, al and ol2) on one side 
(within arm I) and a domain of mostly a-helices (a3-a9) on the 




Figure 1- Crystal structure of HisP. a, View of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm 11 is about 25 A. comparable to that of membrane. a-Helices 
are shown in orange and p-sheels in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c. View of one monomer from 
the bottom of arm I. as shown in a. towards arm It, showing the ATP-binding 
pocket, a-c. The protein and the bound ATP are in 'ribbon' and 'batl-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These hgures were prepared with MOLSCRtPT^^ N. amino terminus; C, C 
terminus. 
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Gene amplirication is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DMA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 inost frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. ). 
Cancer 78:661-666, 1 998. 
© J998 Wiley-Liss. Inc. 

Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi e( a!.. 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells; and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
. to be amplified frequently in breast cancers include myc (8q24), 
ccndl ( 1 1 q 1 3), and erbB2 ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndj, and erbB2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Bems et ai, 1992; 
Schuuring et a}., 1992; Slamon et ai. 1987). Muss et al, (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et ai (1987) between 
er6B2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
meahs of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
Hg/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powcrfiil tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
•product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard cup/e is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome. and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et ai, 1996; Heid et 
ai, 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et ai (1991). The latter uses the 5' 
nuclease activity ofTaq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PGR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et ai. 1993). One fluorescent dye, co-vaiently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (/.e,. 6-carboxy-tetramethyl-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5 '-3' nuclcolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e.. ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of alt 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-lime PCR method offers several advantages over other 
current quantitative PCR methods (Celi et ai, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (iij the Q (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why C, is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96- wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
tumors {myc, ccndl and er6B2), as well as 2 genes {alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast tumors. The results for 108 breast tumors 
were compared with previous Southern-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Rcai-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is obser\'ed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring Ci and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality {i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3. in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et ai, 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene {app, myc, ccndl. erbBl) 

N = — _ 

copy number of reference gene {alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DN Agency (Malvern, PA) and 
probes from Perkin-EImer Applied Biosystems, 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/^l. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging firom 10"' (10^ copies of each gene) to 
lO"'** (10^ copies). This series of diluted PCR products was 
aliquoted and stored at -80^C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ^1) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
lOX TaqMan buff*er (5 fil), 200 ^lM dATP, dCTP, dGTP, and 400 
mM dUTP, 5 mM MgCb. 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65X for 1 min. Each assay included: a standard 
curve (from 10-^ to 10^ copies) in duplicate, a no-template control. 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the. 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 
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Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was pcrfi^rmed on 
genomic DNA extracted ft-om i08 primary breast tumors, and 18 
normal leukocyte DNA samples ft-om some of the same patients. 
The target genes were the myc. ccndl and erbS2 proto-oncogenes, 
and the p-amyloid precursor protein gene {app), which maps to a 
chromosome region (2 lq21 .2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et al., 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qlNql3). 



Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed firom PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/pl. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (at least 4 orders of 
magnitude), with samples containing as few as 10- copies or as 
many as 10^ copies. 

Copyrnumber ratio of the 2 reference genes (app and Ah) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin [alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10^ (A9), 10* (A7), 10^ (A4) to 10' (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARji). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn)." ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs, C, (threshold, cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions {app. 21q2l.2: alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et ai, 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 i 0.21), and was similar for the 108 primary' breast- 
tumor DNA samples (0.6 to 1.6, mean 1.06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 18 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods", The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 :!: 0.22) for myc. 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0,6 to 1.3 (mean'0.91 ± 0. 1 9) for eri»B2, Since N values 
for myc, ccnd J and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erbB2 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of er6B2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbhl, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent timiors in which the ccnd J gene was 
amplified 16-fold (T145), 6-fold (T133) and non-amplified (TIlS). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbBl and ccndl were co-amplified in only 3 cases, myc and ccnd J 
in 2 cases and myc and erbBl in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0,5), suggesting that they bore deletions 
of the. 17q21 region (the site of erbBl). No such decrease in copy 
number was observed with the other 2 proto-oncogenes, 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc,. ccnd I and erbBl amplifications 
had previously been done on the same 1 08 primary breast tumors, A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N ^ 5). However, there were cases (I myc, 6 ccnd] and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southern-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to delect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE I - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc 
ccndl AND erbm GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 2-4.9 


2:5 


myc 
ccnd} 
erbBl . 


0 
0 

5(4.6%) 


97(89.8%) 11 (10.2%) 
83 (76.9%) 17(15.7%) 
87 (80.6%) 8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-qualiry 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage tumors, cyiopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, wc validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantiiative PCR (Celi et ai. 1 994). First, the real-iime 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNO) 
(Longo et ai. 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formal in- fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C, values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the Ct value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 diflerenlnins was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
Ct ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantagc of real-time PCR, like all other 
PCR-bascd methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et ai, 
1996; Slamon et ai. 1989). However^ FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4qIl-qI3 and 2lq21.2 
(which bear alb and app. respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et ai. 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et ai. 1992; Borg et ai. 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbBl amplifica- 
tion, confirming the findings of Borg et ai (1992) and CourjaI.e/ a/. 
(1997). (/V) The maxima o( ccndl and erbBl over- representation 
were 18-fold and 15-fold, also in keeping with eariier results (about 
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Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), Tl 33 (Gl I. B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table IL 



30- fold maximum) (Bems et ai. 1992; Borg et aL, 1992; Courjal et 
ai, 1997). (v) The erbBl copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degree of amplification (An er flA, 1995; Deng e/ a/., 1996;Valeron 



et ai, 1996). Our results also correlate well with those recently 
published by Gelmini et ai ( 1 997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE 11 - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM y BREAST TUMORS' 



Tumor 




ccndl 






alb 




Uccndi/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD . 


1118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375. 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was detenmined The level of ccndl gene 
amplification (UccruJJ/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PGR. (vi) We foiind a high degree of concordance between 
real-time quantitative PGR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(>:5-fold). The slightly, higher frequency of gene amplification 
(especially ccndJ and erbB2) observed by means of real-time 
quantitative PGR as compared with Southem-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PGR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the fLiture by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et ai. 1992; 
Slamone/fl/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of er^B2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PGR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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